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Metallic glasses are fascinating from both experimental 

as well as theoretical point of view. The research in metallic 

glasses helps us to understand noncrystalline matter. By varying 

composition continuously in preparing homogeneous alloys, one can 

study these as a function of composition and temperature without 

the complicating interference from structural phase transitions. 

This is one of the main advantages of studying these amorphous 

alloys. Any correlation or comparison would be meaningful if 

different measurements are done on the same set of samples 

belonging to a series. For this reason we have chosen 

FSonBon ^Si^ (0 ^ X 12) amorphous alloys. 

80 20-x X 

The motivation behind the present work is : 

a) To see whether there is any magnetic contribution cLt all to 

the electrical resistivity in these materials. 

3 /2 

b) If it is there , does it occur through a T term which is 
theoretically the leading term in amorphous materials or 



through a term as found quantitatively by others in a 
similar system. 

'I To see whether the same temperature dependence of resistivity 

0 / 

holds in the presence of external magnetic field as in the 
the zero-field case and to study the effect of magnetic field 
on magnetic scattering. 

d) To investigate the effect of substitution of B by Si on the 
magnetic properties as well on the crystallization process. 

To this end we used different experimental techniques 
like measurements of resistivity at different temperatures and 
magnetic fields, temperature dependence of magnetization 
Mossbauer spectroscopy, and X-ray diffraction. 

Chapter I of the present thesis deals with the general 
introduction to the subject, brief review of the literature, 
motivation behind the work, and the basic theoretical background 
of the subject. 

Chapter II gives the details of various experimental 

set-up used in the present work. The electrical resistivity 

set-up consists of a digital multimeter, a temperature controller, 

a constant-current source (optional), and a closed-cycle helium 

refrigerator. Electrical resistivity measurements were made from 

6 to 300 K using a four-probe dc method. The temperature 

stability was within ±0.1 K. The accuracy of AR/R was better than 

. in^ Magnetoresistance was measured in both 

1 part in xo ■ 

orientations (current density ?ll and ? x where i! is the 

4 .,-.^«finn) at several constant temperatures. An external 

magnet / 

... +. r.nrrpnt source was used. In these measurements the 

constant-curx 
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0 

accuracy of AR/R was about 1 part in 10 . 

High- and low - temperature magnetization measurements 

were done by using a vibrating sample magnetometer (VSM). For 

high-temperature measurements a high-temperature oven assembly, 

in conjunction with the VSM, was used. For low-temperature 

measurements, a closed-cycle helium refrigerator was employed. 

Whenever needed, the external magnetic field up to 16.5 kOe was 

provided by an electromagnet. 

The Mbssbauer spectrometer consists of a radioactive 

source, Mbssbauer drive, gamma-ray detection and amplification 

system, and a multichannel analyzer (MCA) for data storage. 

Gamma-ray photon detection system, used in the present work, 

consists of a proportional counter, preamplifier, high-voltage 

power supply, and a spectroscopy amplifier. 

Chapter III deals with the results and discussion of 

our experimental observations. The temperature dependence of 

electrical resistivity of Feor>B.,r. Si (0 ^ x ^ 12) amorphous 

80 20-x X 

ferromagnets has been studied in the range 8-300 K. In magnetic 

materials, over and above the scattering of electrons by 

structural disorders and lattice vibrations, there must be some 

evidence of magnetic scattering. Theoretically, the leading term 

3/2 

in the magnetic resistivity is a T term followed by a higher 

order T term. The normalized resistivity data have been 

fitted in two ways in the low-temperature range (35-85 K). (i) 

2 

When the magnetic contribution is considered through a T 

2 2 

term Cr(T) = 01 ^ + oi^T ]; here the T term comprises of 

contributions from both the structural and the magnetic terms. 

3/2 

(ii) When the magnetic contribution is through a T term [r(T) 
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"^ 3/2 


3/2 2 2 

T +c( T ]; here the T"^ term is of structural origin 


only. The goodness of fit and the nature of the deviations show 
much better fit in the second case implying that there is a need 
for the T term. In the high-temperature range (200 - 300 K), 
the data have been fitted in three different ways. (i) When no 
magnetic term is considered, i.e., r(T) = + a^T, the linear 

term is due to electron-phonon scattering. (ii) When the magnetic 
contribution is incorporated through a term, i.e., r(T) = 

% When the magnetic contribution is through 

a T^/^ term, i.e., rCT) = ■ It has been 

observed that there is a significant improvement in the fit when 
either a T or a magnetic term, in addition to the linear 

term in T, is included. However, it is difficult to choose between 
the two, i.e., or term in the high-temperature range. The 

presence of the T term in the low-temperature range could 
also be seen from the temperature derivative of resistivity versus 
temperature plots. The values of the coefficients, obtained from 

these fits, are used to calculate the Debye temperature The 

composition dependence of the various coefficients do not show any 
specific trend. The room-temperature value of electrical 

resistivity p is (127 ± 10) pO cm for the whole series. It does 

not show any composition dependence within the experimental 
accuracy. 


The longitudinal (? II i?) and the transverse (? ± 

magnetoresistances, given by AO||/p = (p|| - p)/p and Ap^/p = (p^ - 

P)/p, have been measured for samples with x = 0, 6, and 12 

between 10 and 300 K using magnetic fields up to 16.5 kOe. We find 
that the ferromagnetic anisotropy of resistivity (FAR) is not 
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influenced by the replacement of B by Si. The temperature 
dependence of FAR is explained on the basis of Campbell's model. 
FAR versus temperature roughly follows the linear magnetostriction 
coefficient versus temperature graph as the origin of the two lies 
in the spin-orbit interaction present in a ferromagnet. The 


magnitude of the slope 


m 


as a function of temperature is also 
explained. It has been observed that the domain magnetization is 
not randomly oriented in these amorphous ribbons. Our analysis 
indicates that the replacement of B by Si does not change this 
special orientation of i^. The R(T) data have been taken at 
constant fields of 2 , 7, and 14 kOe. We find that the same 
temperature dependence of resistivity holds in the presence of 
external magnetic field as in the zero-field case. The effect of 
magnetic field on the various magnetic scattering process is also 


discussed 


/ 


The magnetization M as a function of temperature has 

been measured for samples with x = 0, 6, and 12 at H = 6 kOe . The 

as well as 
rn3/2 


data have been fitted in two ways, first with both T' 


c / o / *7 

terms and secondly with the T"^^" term alone. 


The 


term is the famous Bloch law, while the T 


5/2 


term is due to higher 


order terms in magnon dispersion relation. The coefficient of the 
3/2 

T term agrees very well with the literature values for x=0. It 

does not show any variation with Si concentration. The presence 
5/2 

of the T term could not be detected due to the relatively poor 
resolution of the data. The magnetic moment per iron atom is also 
calculated. The calculated values of spin-wave stiffness 
constant, D, do not have any composition dependence in contrast to 
the Fe-B-C system . The high-field susceptibility of ^^00^^20 
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much larger than those containing Si at both room temperature and 
19 K. The replacement of B by Si decreases the susceptibility 
which becomes nearly zero in the whole temperature range. 

The low-field magnetization M as a function of 
temperature has been measured in the high-temperature range to 
study the crystallization process. For samples with x = 0, 1, and 
2, the crystallization is a single-step process while for x S: 4, 
the crystallization occurs in two steps. For samples (x = 0 -2 ), 
the final crystallized phases are a-Fe and the metastable t-Fe^B 
while for x ^ 4, the phases are ot-Fe and t-Fe 2 B. These results are 
confirmed by X-ray diffraction studies. 

Mossbauer spectra, recorded at room-temperature, for 
samples with x = 0, 2, and 8 (as-received) and heat-treated at 
different temperatures for various time periods have been 
analyzed. The Mossbauer parameter isomer shift, as a function of 
Si concentration, is explained on the basis of charge-transfer 
model. The internal magnetic field shows a slight increase on the 
substitution of B by Si. Here Mossbauer spectroscopy has been 
used to study the crystallization process as well as to identify 
the crystallized phases. It has been observed that the final 
crystallized phases, for samples with x = 0 and 2 are a-Fe as well 
t-Fe^B, but for x = 8 the phases are a-Fe, t-Fe 2 B and FeSi 
(probably). The final phases are also identified by X-ray 
diffraction studies. We find from Mbssbauer as well as high 
-temperature magnetization studies that the addition of Si 
increases the crystallization temperature implying an improvement 
in the thermal stability of the system. 

Chapter IV highlights the conclusions of the thesis and 
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elaborates on further scope of work. It is hoped 

systematic investigation carried out by us using 

techniques have added to our understanding of the 

properties of the FeQriB.,n Si system. 

OU ZU-X X 


that the 
different 
magnetic 
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CHAPTER I 


INTRODUCTION 

1.1 Preamble 

The terms amorphous solid and glass have no precise 
meaning. These terms are generally accepted to mean "not 
crystalline on any significant scale". However, not all 
disordered materials are amorphous since there are disordered 
crystalline alloys where different atoms irregularly occupy sites 
of a regular crystal lattice. Amorphous solids have both 
structural disorder, i.e., the lack of crystallinity and chemical 
disorder which refers to the local environment. They are made by 
a variety of techniques, all of which involve rapid solidification 
of the alloying constituents from the gas or liquid phases. The 
solidification occurs so rapidly that the atoms are frozen 
in their liquid configuration. There are clear structural 
indications and indications from the various properties that 
nearest neighbour or local order does exist in most amorphous 
metallic alloys, but there is no long-range atomic order. 

Because of the lack of atomic ordering it was believed 
for many years that ferromagnetism could not exist in amorphous 
alloys. But, for a material to be magnetic, all that is necessary 
is the existence of a magnetic moment (and therefore uncompensated 
spins) on an atom and the requirement that when these atoms are 
assembled in a solid, they interact -oia the short-range exchange 
forces. However, it was only in 1960 that Gubanov [1] 
theoretically foresaw the existence of ferromagnetism in an 
amorphous solid. This was based on the evidence that the 
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electronic band structure of crystalline solids do not change in 
any fundamental way on transition to the liquid state. This 
implies that the band structure is more dependent on short-range, 
rather than on long-range order. Hence, ferromagnetism, which 
depends on short-range order, should not be destroyed in the 
corresponding amorphous solid. After this important prediction 
was made, intense experimental and theoretical activities have 
pervaded the field. 

Until recently the major efforts in solid-state physics 
have been confined to the understanding of crystalline materials. 
Amorphous solids now represent a new state of matter. Some of 
their properties are entirely as predicted but some others show 
anomalous behaviour. The most significant experimental results 
reported in the recent literature are the large absolute values of 
electrical resistivity, very small values of ferromagnetic 
anisotropy of resistivity and nearly temperature-independent 
anomalous Hall coefficient. Much of our understanding has come 
from comparison of the properties of the amorphous alloys with 
those of the same or similar crystalline alloys. However, this 
has only limited applicability because most of the interesting 
amorphous alloys have no simple or single crystalline counterpart. 
One of the singular advantages of studying amorphous alloys is 
that we can vary the composition continuously in preparing 
homogeneous alloys which can be studied as a function of 
composition and temperature without complicating interference from 
structural phase transitions. Interest in metallic glasses was 
accelerated because of the occurrence of ferromagnetism in them, 
hence, the study of magnetic properties bears a special 
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signif icance . 

The electrical resistivity in metallic glasses is a very 

important subject as the non-crystallinity of the materials 

affects the electronic transport properties. In recent years, the 

study of these properties has been a subject of widespread 

interest. In particular, the electrical resistivity provides a 

very sensitive probe with which one can try to understand various 

scattering processes that occur in a given material. 

Earlier [2] we had measured electrical resistivity (p), 

magnetoresistance, and Hall effect in Fe^nn B (13 < x 26) 

100-x X 

binary metallic glasses. The temperature coefficient of 

resistivity and the concentration dependence of the absolute value 

of p were explained in terms of Ziman's theory [3] of liquid 

metals. An attempt was also made to find out the magnetic 

contribution to the resistivity between 20 and 100 K. Due to the 

relatively poor resolution of the data, no definite conclusion 

could be drawn. However, in magnetic materials, over and above 

the scattering of electrons by structural disorders and lattice 

vibrations, there must be some evidence of magnetic scattering. 

Theoretically, according to Richter et al. [4], the leading term 

3 /2 

in the magnetic resistivity of amorphous ferromagnets is a T 

2 

one followed by a higher-order T term. An excellent review has 
been made recently by Vasv^ri [5]. Experiments which claim to 
have observed a magnetic contribution to p fall under two 
categories . 

2 

(a) A magnetic contribution proportional to T . Bergmann and 

2 

Marquardt [6] had concluded the existence of a T -dependent 

2 

magnetic term on the basis of straight-line plots of p versus T 
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in binary Ni-Au, Co-Au, and Fe-Au amorphous f erromagnets , 


This 


method is not conclusive since the structure factor term (see Sec. 

2 

1.2), which should be included in the total p, also has a T 

2 

dependence. Thummes et al . [7] found qualitative evidence of a T 
magnetic term in Nio^. ^Fe SioB.,., (2.4 ^ x ^ 16) metallic glasses. 
They also found an unusually low Debye temperature {9^ < 100 K). 

Kaul et al. [8] have established, from a detailed quantitative 
analysis of the resistivity data of amorphous F®0 qS2O-x^x ~ 

2, 4, and 10) alloys, that besides a dominant structural 
contribution there exists in such alloys a significant magnetic 


3/2 


In Fe-Ni-P-B 


contribution to p proportional to T“. 

(b) A magnetic contribution proportional to T 

3/2 

glasses, Babic et al. [9] obtained a T term from linear total p 
3/2 

versus T plots for T < T^/3. No structural contribution was 

3/2 

considered. Kettler and Rosenberg [10] found a T magnetic term 

in Ni-based ^i60-x^®x®16^^4 ^ ^^77-x ^®x^l3^^10 

(x = 0 - 15.4) by subtracting at each temperature the total 

resistivity of the nickel parent alloy (x = 0) from those of the 

above alloys. This was done on the assumption that the magnetic 

contribution to the total p was due to the added iron. They also 

found that the magnetic term decreased with increasing Fe content. 

Thus, it is quite clear that a controversy still exists 

3/2 2 

in deciding the relative weight of the T and T magnetic 

contributions to the total resistivity in ferromagnetic metallic 

glasses. It should be emphasized here that such distinctions can 

3/2 2 

not be made by merely observing p versus T or p versus T 

curves as straight lines. A quantitative criterion, e.g., the 

2 

value of X in different fits, is needed as it has been used only 
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by Kaul et al . [8] . 

We have taken high-resolution electrical resistivity 
p(T) data in seven ^’^eo^ZO-x^^x (0 - x 12) ferromagnetic 

metallic glasses between 8 and 300 K with the following aim. 

(a) To determine whether there is any magnetic contribution at 
all in these materials. 

3/2 

(b) If there is, does it occur through a T term which is 

theoretically [4] the leading term in amorphous materials or 
through a T term as found quantitatively by Kaul et al. [8] 
in a similar system ? 

The measurement of magnetoresistance is useful in 
getting information about the magnetization process. With the 
study of magnetoresistance, the effect of magnetic field on 
various magnetic scattering can be probed to see whether the same 
temperature dependence of resistivity holds as in the zero-field 
case. R(T) data have been taken at several constant magnetic 
fields. We propose, on the basis of analysis of the resistivity 
data, that at low temperatures, the magnetic contribution to the 


resistivity 

is through 

the 

T^'^^ term. With 

this 

sort of 

investigation 

, the effect 

of 

magnetic field on 

this 

magnetic 

contribution 

is studied. 

The 

^11 S ^-LS X 

quantity ( — ) or 

(^) 

known as 


the ferromagnetic anisotropy of resistivity (FAR), represents an 
inherent property of the amorphous ferromagnetic alloys. It has 
been known for quite a long time that there exists ferromagnetic 
anisotropy of resistivity associated with the magnetization in 
ferromagnetic metals. Smit [11] had proposed a mechanism 
dependent on spin-orbit coupling to explain this phenomenon. 
Recently, a few papers [12-16] have appeared on the ferromagnetic 
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anisotropy effect. From the temperature dependence of FAR, Bohnke 

et al. [17] had suggested a direct relationship (Ap/p = Ap'^) 

between FAR and the saturation magnetization where p is the 

average saturation magnetic moment per transition metal atom. 

Until recently many authors [12-17] have observed that Ap/p tends 

to track the magnetic moment in amorphous alloys. Kaul and 

Rosenberg [18] have pointed out, however, that FAR cannot be 

related to the saturation magnetic moment per transition metal 

atom by such a simple relation. From a detailed investigation of 

FAR of amorphous (Fe-Ni)ggB 2 Q and (Fe-Ni )ggP^^Bg alloys, they have 

shown that the split-band (SB) model which could give a 

satisfactory explanation for the observed composition dependence 

of the linear saturation magnetostriction coefficient X , 

s 

spontaneous Hall coefficient R , and the coefficient of the 

s 

electronic specific heat r in these amorphous alloy series, fail 
to explain their observations. They have applied successfully the 
model based on two-current conduction (TCC), given by Campbell et 
al. [19], for the composition dependence of the FAR of these 
alloys. Magnetoresistance, both transverse and longitudinal, has 
been measured for x = 0, 6, and 12 between 10 and 300 K using 
magnetic fields up to 16.5 kOe in order to study the effect of the 
replacement of B by Si on FAR. In these measurements, the 
temperature dependence of FAR is also investigated. 

As these glassy metals are metastable materials, they 
undergo a change of phase from the glassy, i.e., amorphous to the 
crystalline state at high temperatures. The crystallization 
process is quite complicated. As it is a kinetic process, it is 
not only temperature-dependent but also time-dependent. The study 
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of crystallization process gives important clues about the local 
structure of these glasses. The metallurgical changes, which 
occur when crystallization begins, were detected by using the 
magnetization versus temperature (M-T) curves. The magnetization 
falls with increasing temperature, typically to M = 0 at T = T^ . 
When crystallization starts, iron and some compounds, with high T^ 
values, appear causing an increase in M. The beginning of this 
rise in M is taken as the onset of crystallization. The 

equilibrium phases, present in any particular amorphous alloy, can 
be specified by identifying the Curie temperatures (Tq) of the 
different crystalline phases found in it. Here the thermomagnetic 
as well X-ray diffraction studies are used to explore the 
crystallization process of F®8o®20-x^^x (0 - - 12) amorphous 

alloys. It is quite important to get the information concerning 
the structural changes with temperature for understanding the 
temperature dependence of various physical properties of amorphous 
materials. However, this bulk magnetization study measures only 
the sum of the magnetizations of all the magnetic components 
present in the sample. The purpose of the present work is to 
elucidate systematically the effect of the metalloid Si on the 
crystallization mechanism of Fe-B amorphous alloys. It was 

possible to use the thermomagnetic analysis for meaningful 
crystallization studies here because the Curie temperatures in the 
amorphous state happen to fall below the crystallization 
temperatures . 

Mossbauer spectroscopic study, which reveals the 
properties of and distinguishes between all iron-nuclei belonging 
to different chemical compounds, becomes an ideal tool for the 
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investigation of the kinetics of the crystallization process. As 

these amorphous alloys are not very stable, their various 

properties such as the magnetic hyperfine field [20] and the Curie 

temperature are significantly changed by annealing treatments 

which do not cause crystallization. Furthermore, annealing at 

elevated temperatures inevitably causes crystallization 

irreversibly due to which the excellent characteristics inherent 

in the amorphous structure are lost. The systematic analysis of 

the Mossbauer spectra gives various Mossbauer parameters like 

57 

isomer shift and internal magnetic fields at Fe nuclei which, 
in turn, provide valuable information about the hyperfine 
interactions in these materials. The study of internal magnetic 
fields at the nuclear sites has been very useful in understanding 
their magnetic properties at the atomic level. 

Here Mossbauer spectroscopy has been used to study the 
crystallization and the crystallized phases of ^®0o®2O-x^^x ~ 

0, 2, and 8) amorphous alloys. Precipitation of a crystallized 
phase containing the Mossbauer atom can be easily detected since 
it gives rise to a new set of inequivalent sites which have 
their own characteristic spectrum. Upon crystallization, the 
Mossbauer spectrum of an amorphous alloy becomes more complex 
(than the usual six-line pattern) due to the precipitation of two 
or more crystalline phases containing Mossbauer nuclei. 
Therefore, Mossbauer spectroscopy can be used to detect the onset 
of the crystallization process as well as to identify the various 
crystalline phases containing Mossbauer nuclei which exist after 
full crystallization has taken place. 

The most extensively studied glasses are the binary 
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ones, ^ ^ 0.25), especially FeggB 2 g because they are the 

simplest possible amorphous system. Two types of crystallization 
processes have been observed in these simple binary alloys. The 
first type [21-23] has been observed for amorphous Fe-B alloys 
with B concentration of less than 16 at.% and it consists of two 
steps. The first step of the crystallization is a precipitation 
of ot-Fe until the composition of the remaining glasses transforms 
into a Fe^B metastable compound. The second step is the 
decomposition of at higher temperatures into cc-Fe and Fe 2 B. 

The second type [21,23,24] of crystallization has been observed 
for amorphous Fe-B alloys with B concentration of more than about 
16 at.% and consists of a single step, the crystallization takes 
place by an eutectic type of reaction. The two crystalline 
phases, a-Fe and Fe^B are produced from the very beginning of the 
crystallization process and the a-Fe to Fe^B ratio is constant 
throughout the transformation. In FeggB 2 g [24-28] and FeygB^ 2 Si-j^g 
[29] alloy, ot-Fe has been reported to precipitate during the 
crystallization process. However, it has been found out 
[20,30,31] that a Fe-Si alloy, instead of a-Fe, is one of the 
crystalline products in a Fe-B-Si system. The study of the 
crystallization in x = 2 and 8 (FegQB 2 Q_j^Si^) alloys has been done 
to confirm the final phases, i.e., whether one of the phases is 
a-Fe or Fe-Si or both. 

The fundamental problem of ferromagnetism, from both the 
theoretical and experimental standpoints, is the determination of 
magnetization as a function of composition, magnetic field, and 
temperature. The most interesting problem is the temperature 
dependence of magnetization. Majumdar et al. [32] have shown the 
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5/2 

evidence for the existence of a T ' term in the low-temperature 
magnetization of (0 x ^ 8) metallic glasses. They 
have also shown that the addition of carbon increases the 
spin-wave stiffness constant due to structural changes. We also 
wanted to study the effect of Si concentration on spin wave 
stiffness constant. 


1 . 2 Theory 

A Electrical Resistivity 

Customarily the temperature dependence of electrical 
resistivity p(T) in amorphous materials is explained in terms of 
the Ziman theory of liquid metals in which the temperature 
dependence of resistivity comes through the structure factor. An 
expression for pCT) can be written as [3] 


^str 


(T) 


SOTT^h^ 
me^kp EpO 


Sin^Ch2(Ep)] 


i 1 + 


[S^(2kp)-1] 


-2(W(T)-W(0)) 




( 1 . 1 ) 


where kp is the Fermi wave vector, C2 is the atomic volume, W(T) is 
Debye-Waller factor at a temperature T, is the 
d-partial-wave phase shift at the Fermi energy Ep, S^(2kp) is the 
■structure factor at 0 K, corresponding to k = 2kp and h, m and e 
have their usual meanings. The asymptotic temperature dependence 
of W(T) in the Debye approximation is given by 



11 


W(T) 


r 


r W(0) + 4tf(0) 


W(0) + 4W(0) 


TT 


D 


r ^ 

T_ 

J 


, T « , 


T > > 


(1.2a) 


(1.2b) 


where W(0) = 3- 
o 




(1.3) 


M is the atomic mass, kg is the Boltzmann constant, and ©g is the 

Debye temperature. An estimate of W(0), obtained by substituting 

the values ©g ^ 300K, M ^ 8 x 10“^^g and Eg 10 eV, typical of 

metallic glasses, in Eq . (1.3), shows that W(0) ^ 1. Eqs. (1.1) 

and (1.2) can be combined and the exponential function in Eq . 

(1.1) expanded in power series to yield the asymptotic temperature 

dependence of p . as 
s tr 

2 

-^ [ [l-S^(2kj)]T2}, T « Sp , 

(1.4a) 


= C 


K 


(2kg) 


2W(0) 


[1-S^(2kg)] 


8W(0) 


e 


D 


[l-S^(2kg)]T 


}■ 


T > ©r 


(1.4b) 


, „ 30 . 2r /T7 XT 

where C = — 2~-2 sin [n 2 (Eg)] . 

me’^kgEgfi 


Eqs. (1.4a) and (1.4b), in the simplified form, can be 
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written as 

r^CT) = Pg(T)/p(0°C) = + b^T^, T « (1.5a) 

= a^ + c£T , T > ©p, <1.5b) 

where /o(0°C), the resistivity at 273 K, is used for normalizing 
the data. 

Richter et al . [4] have calculated the spin-disorder 
resistivity of amorphous ferromagnets by using the force-force 
correlation function method up to second order in the s.-d. exchange 
constant. They found, at low temperatures (T « where is 

the Curie temperature) and zero external field, that 

^m^T) = P„(T)/p(0°C) = P^ + + bT^ , (1.6) 

m in ^ o 

neglecting a small correction to the electron-magnon coherent 

scattering due to the influence of topological disorder. P^ is 

3/2 

proportional to the residual spin-disorder resistivity. The T 

dependence comes from (a) the elastic scattering of electrons by 

a temperature-dependent, randomly distributed local magnetic 

moments which decreases with increasing temperature and (b) 

incoherent electron-magnon momentum nonconserving scattering 

which increases with increasing temperature. The latter term 

3/2 

overcompensates the former and, as a result, the net T term is 
positive. However, this term vanishes for the crystalline case. 

p 

The T term comes from the coherent electron-magnon scattering, as 

in the crystalline case. For low T (« ©p), the contribution 

3/2 

should be predominantly from the T term whereas, for moderate 
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2 

T (ii: should be from the T term. In both the cases it is 

assumed that T 

2 

If the magnetic contribution occurs through the T term, 

then assuming Mathiessen's rule 

P(T) = P^(T) + p^(T) , 

s in 

the total normalized resistivity becomes [by adding Eqs. (1.5a) 
and (1.6), except for the term] 

r(T) = (a^ + P^) + (b 2 + b) 

= , T « ©p . (1.7a) 


3/2 

If the magnetic contribution occurs through the T 

2 

term, then [by adding Eqs. (1.5a) and (1.6), except for the T 
magnetic term] 

r(T) = (a^ + P^) + b 2 T^ + aT^'^^ 

= + “3/2 T®''/ T « Sp . (1.7b) 

Similarly, by adding Eqs. (1.5b) and (1.6), one gets 

r(T) = (a^ + P^) + c'T + bT^ 

= a' + a'T + T > (1.8a) 

Old u 

and 

r(T) = (a^ + P^) + c'T + aT^^^ 

= a' + aJT + a' T > ©r, 

0 1 3/2 D 


(1.8b) 
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then 


If the magnetic contribution is not considered at all, 


r(T) = 

and 

r(T) = , T > ©p 


(1.9a) 


(1.9b) 


Using Eqs. (1.9), i.e., without considering any magnetic 

contribution, one gets 



( 1 . 10 ) 


If we consider Eqs. (1.7a) and (1.8a), i.e., the magnetic term is 
proportional to in both ranges of temperature, will be given 
by 


D 6 


01, 




( 1 . 11 ) 


3/2 

If we consider that the magnetic term goes as T in both ranges 
of temperature, then the value of can be found, with use of 
Eqs. (1.7b) and (1.8b), to be 



( 1 . 12 ) 


B Magnetoresistance 

The electrical resistivity of a polycrystalline 
ferromagnet depends on the angle between the current density ? and 
the magnetization i?. The longitudinal magnetoresistance (i! II i!) 
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is positive while the transverse magnetoresistance (it -l 1 ?) is 
negative at low fields. At higher fields there is a slow decrease 
in resistivity, i.e., a negative magnetoresistance is observed in 
both orientations. For a cubic single crystal the resistivity p 
can be written as [33] 


P{<^^, (5^) = + a^ 

+ 2(a2-a^)(a^oi2/5^/52 




(1.13) 


where ot^ , and are the direction cosines of the spontaneous 

magnetization with respect to the crystal axes and the resistivity 
is measured in a direction characterized by the direction cosines 
^ 2 ’ ^ 0 - The saturation values of p in a polycrystal for 

longitudinal and transverse magnetic fields can be calculated by 
taking the averages of Eg . (1.13) when all the spins are either 
parallel or perpendicular to the current. One can then write 


and 



4 - 


2 

5 


-LS 


= a 



(1.14) 

(1.15) 


In random polycrystals, where all the orientations of 
magnetization with respect to the crystal axes are equally 
probable and the crystallites are oriented at random, the 
resistivity p^ in the demagnetized state (zero internal field) can 
be written as 

1 2 ^1 
'^o " 3 ^lls ^ t '^J-s ■ ^o 3“ 


(1.16) 
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In this case 



^11 


Ap 


-LS 


-2 . 


(1.17) 


The assumptions introduced in the calculation of p^ 
are strictly fulfilled only in rare cases. Because of the 
magnetocrystalline anisotropy, the spontaneous magnetization lies 
along the easy direction of magnetization. It is not equally 
distributed among all directions with respect to the crystal axes. 
Thus the ratio Ap . /Ap depends completely on the orientation of 
this prefered axis. 


Ferromagnetic Anisotropy of Resistivity CFAR3 

Though the ratio Ap.. /Ap depends on the initial 
processing, subsequent heat treatment, etc., of the material, the 
quantity (^n -Ap ) does not depend on the initial magnetic 
domain structure and hence is a very important inherent property 
of a ferromagnet. This difference, which is practically always 
positive, is known as the anisotropic magnetoresistance. The 
experimentally measured quantity is the relative change in 
resistivity between the two orientations, Ap/p^, and is called the 
ferromagnetic anisotropy of resistivity, FAR. Thus 


FAR 



(1.18) 


where p , the resistivity in the demagnetized state, can be 
o 

written from Eq . (1.16) as 
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Pq = P + I Ap,|^ + I Ap_^^, (1.19) 

where p is the resistivity for =0. In a ferromagnet, 
because of the presence of spontaneous magnetization within each 
Weiss domain, the effective magnetic field is given by 


H = H. . = H . 
eff int ext 


demag 


Of (4rTMg), 


( 1 . 20 ) 


where a is the demagnetization factor which depends on the 
relative orientation of the magnetic field with respect to the 
dimensions of the sample and is the saturation magnetization at 
a particular temperature. 

As stated earlier, to get p^, one has to do some kind of 
averaging over all the possible orientations of the spontaneous 
domain magnetization. In metallic glasses, since we have a 
uniaxial anisotropy and the domains are not at all random, it is 
very difficult to do such averaging. However, fortunately enough 
these materials have very small magnetoresistance and thus instead 
of calculating p^ we can use 


( 1 . 21 ) 



To get the anisotropic magnetoresistance (p|,g 
the measured quantities we can write 
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^lls = + ^lls = ^ J 

and 

■ P = P [ 1 + ^ ] 


(1.23) 


(1.24) 


and thus 


P 


II s 


-LS 


(> 


Ap 


-LS 


P 


] 


p. 


(1.25) 


Ap., 


Ap 


where 


and 


xs 


are obtained by extrapolating 


"ext *° "ext = “deMg "int = 

Hence, in terms of experimentally measured 

FAR [Eq. (1.22)] can be written as 


Ap/p versus 


quantities. 


FAR 




(1.26) 


Origin of FAR 

According to Mott's theory, 4s.-electrons are mainly the 
carriers of current in ferromagnetic materials. It was assumed 
that during a transition from an s. to an s.- or a d-state, there is 
no spin-flip and therefore the spin exchange between the 
S.-electrons can be ignored. According to this assumption, the 
current is divided into two independent parts, one current of the 
£L-electrons with parallel (to the magnetization) spin direction 
and the other with antiparallel spin. This model is referred as 
the two-current conduction (TCC) model. The effect of magnetic 
field on the resistance can be understood as a decrease in the 



19 


density of the parallel Sd-states at the Fermi surface with 
increasing magnetization which results in less scattering of 
£.-electrons with parallel spin to d-states. 

Smit [11] showed that an anisotropy in resistance could 
be introduced only through the interaction between the spin-system 
and the lattice via. the spin-orbit coupling. Due to this 
coupling, there will be some mixing of parallel and antiparallel 
states. As a result even at T = 0 K, there will be vacant parallel 
d-states. On general grounds, it is seen that these holes are not 
equally distributed over the 5 possible d-orbitals, but there is a 
deficit of hole-orbits perpendicular to the direction of 
magnetization. So, even at 0 K, there will be some resistance 
which is responsible for the anisotropy. 

The transition for an a-electron in going to a d-state 
is caused by lattice disorder or lattice vibrations. As there are 
relatively few holes in orbits perpendicular to the magnetization, 
the s.-electrons moving in the direction of magnetization, are more 
easily trapped than in the perpendicular directions. As the 
resistance is given by the scattering of s.-electrons moving in the 
direction of the current, it is concluded that the resistance in 
the parallel direction (? II i^) is greater than the one in the 
perpendicular direction (? -i- i?), i.e., R|| > 

Campbell et al. [19], on the basis of this model, had 
obtained the following expression for the ferromagnetic anisotropy 
of resistivity at low temperatures for Ni-based alloys. 


Ap 

P 


= r(a-l). 


(1.27) 
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where « = 


Pi 


and Y 



X is the average 

value of 

the spin-orbit coupling 

constant 

in 

the 

d-band and 

is the 

exchange energy 

that 

splits 


and 

£i 4 ,-bands. Basically, y is 

a measure of 

the 

strength 

of 

the 


spin-orbit coupling. The value of Y has been estimated to be 
0.01 on the basis of experimental data on the FAR of Ni- and Fe- 
based alloys. 


Formulation of &, the angle between ? and ft 

Since in metallic glasses, we have uniaxial anisotropy, 
i.e., the domains are preferentially oriented at some angle & with 
respect to the ribbon axis, the resistivity in the demagnetised 
state can be expressed as 


P = p sin Q + 
O -Ls 


Piiscos^e 


(1.28) 


where © is the angle between ? and ft. Hence the longitudinal 
magnetoresistance is 


■Ap.i 


^11 s - ^o 


2 

Pi, - P. sin 0 

II s -Ls 


P|I5 


<'=13 - ® 


Ap 


II s 


or , 


FAR sin^e 


(1.29) 
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Similarly, the transverse magnetoresistance is 


Ap 


= -FAR cos^e 


(1.30) 


From Eqs . (1.29) and (1.30), we get 


FAR = 


Ap|, Ap 


-LS 


and cot & = 




9 /K 

or, tan'^e = - . (1.31) 

xs 0 

Dependence of p on H above Saturation 

This is purely ferromagnetic in origin. As observed by 
Smit [11], if we compare the change in resistance with the 
magnetostriction, then the linear saturation magnetostriction 
coefficient corresponds to the ferromagnetic anisotropy of 
resistivity, both being tensor, dependent on the orientation of 
the magnetization. In contrast, the volume magnetostriction 
corresponds to the small negative value of dp/dH at high fields, 
independent of the orientation (longitudinal or transverse). It 
is clear that these volume effects are due to the increase of 
intrinsic magnetization with increasing field. The direct 
influence of the volume magnetostriction on resistance is very 
small [11] (- ^ values are very small) and hence the effects 
observed are due to a change of the specific resistance. Assuming 
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that the resistivity depends only on the magnetization one can 

write 


_ 

dp 


r^M ■) 

s 

m ~ 

m 

sj 


dH 

k. 


Now, again assuming that p does not vary appreciably with 
magnetization for normal fields, the dependence of 3p/&H on H 
is determined by that of the high field susceptibility, on 
H. 

C Low-Tenqaerature Magnetization 

The low-temperature magnetization of a typical 
crystalline ferromagnet, according to the spin-wave theory, is in 
good approximation given by [34] 

Ap’d) _ o'(T) - o^CO) _ _3/2 , „5/2 ... 
o-(O) ~ <y(0) “ ' ^ ^ 

3/2 

The first term is the famous Bloch T law, while the 
second one is due to higher order terms in magnon dispersion 
relation. The existence of spin waves in amorphous ferromagnets 
was proved by Kaneyoshi [35] . In amorphous structures the wave 
vector is not well defined and no simply defined Brillouin zone 
exists. Krey [36] assumed the structure of a metallic glass to be 
adequately described by a relaxed dense random packing of hard 
spheres and the localized spins to interact vta a short-range 
Heisenberg interaction. With this assumption he has shown that 
the temperature dependence of the magnetization of an amorphous 
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ferromagnetic metallic glass is given by the same equation as 
Eq.(1.33). 

The spin-wave dispersion relation, in the presence of a 
magnetic field H and in the long-wavelength limit (k -*■ 0), has the 
form [34] 


€(k) = g/JgH + Dk^ + Ek^ , 


(1.34) 


where g is the gyromagnetic factor, the Bohr magneton, k the 
wave vector, D the spin-wave stiffness constant, and E the 

4 

constant of proportionality for the K term. The first term in 
Eq . (1.34) is an energy gap in the magnon spectrum. One defines a 
gap temperature 


"g = 




B 


(1.35) 


where kg is the Boltzmann constant. Because of the energy gap in 
Eq . (1.34), Eq . (1.33) takes the form 


Acy(T) 

o-(O) 




3 

2 




+ rz 



. (1.36) 


The functions z 



and z 



et al. [37] 


are given by Argyle 


3 

2 ' 



1 

2.612 


n=l 



z 
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2.612 


{-3.54[^] 


1/2 


4 2.612 4 1.46 jA 



(1.37) 


1 r 

^ 1 .341 (2. 36]^ ^ J 4 1.341 - 2.61 ^ 

- 0.730[^ ^j^4 . . .| . (1.38) 

The parameter p is related to the spin-wave stiffness constant D 
by 


D = 


An 


2.612 g^g -|2/3 

o'(0)P/? J 


(1.39) 


where p is the density. 

? 

The parameter r is related to the mean-square range <r“> of 
exchange interaction by 


<r2> 


1.948 



r D 
“TT- 


(1.40) 


2 

where <r > is the mean-square range of the exchange interaction. 

3/0 2 
In Eq.(1.33), the T term comes from the harmonic (k ) term in 

5/2 

the spin-wave dispersion relation and the T term has its origin 

4 

in the anharmonic (k ) term. Because of the temperature 
dependence of D, some additional higher order terms may also 
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enter, depending on the relationship between D and T. According 

to the localized models of Dyson [38] and others [39], at low 

temperatures, magnon-magnon interactions can give rise to a 
5 /2 

leading T term in D in the long-wavelength limit. On the 

other hand, itinerant models of Izuyama and Kubo [40] and others 

5 /2 2 

[41] predict a T term due to magnon-magnon interaction and a T 

term due to the interaction between the spin waves and the 

thermally excited itinerant electrons. Due to the presence of 

7/7 4 

these terms in D, Eq . (1.36) will have a T ' term and/or a T 

5/2 

term in addition to the T term. 

D Mossbauer Spectroscopy 

Mossbauer effect is the name given to the phenomenon of 

recoilless emission or absorption of nuclear gamma rays when a 

particular nuclei are embedded in a solid. It was discovered by 

the German physicist, R.L. Mossbauer [42] in 1958. Soon after 

this discovery it was realized that Mossbauer effect provides a 

simple but precise technique of measuring relative changes in 

nuclear energy levels which are typically of the order of 1 part 
13 57 

in 10 when Fe are used as Mossbauer atoms (nuclei). Here the 

Mossbauer atom refers to the atom whose nucleus is involved in 

emission or absorption of gamma-ray photons. This high resolution 
-13 

(10 ) allows the observation of hyperfine interactions of the 

nucleus with its surroundings which, in turn, provides information 
about the electronic structure of the relevant atom and its 
environment. These features have rendered Mossbauer spectroscopy 
an attractive and powerful tool for studying different kinds of 
problems in diverse disciplines like solid state physics. 
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chemistry, metallurgy, biology, geology, theory of relativity, 
etc . 

In the present section we shall describe briefly the 
basic principles of Mossbauer spectroscopy (MS) and hyperfine 
interactions (HI). 

Let us consider a system of mass M (which may be a 

nucleus or an atom) having two energy levels A and B separated by 

an energy as shown in Fig. 1.1(a). Considering the transition 

of the system from level B to level A by the emission of a photon 

s 

of energy E^^ = E^, we can write the recoil energy Ej^ of the 
system by applying the law of conservation of momentum as 





( E =>2 


2Mc' 


(1.41) 


where p and P are the linear momenta of the photon and the 

recoiling system respectively and c is the velocity of light. As 
2 

we know Me » E , we can write 
o 





(1.42) 


By the law of conservation of energy 


E = eJ + E„ or eJ = E - Ep . (1.43) 

O A f O 

Similarly we can consider the excitation of the system 

Q. 

from the level A to B and realize that the energy E^ of the 
incident photon should provide an extra amount of recoil 


energy 



Intensity 



Eo E 


Energy 

(b) 

Fig. 1.1 (a)Schematic energy level diagram of free atom 
or nucleus (b) Intensity 1(E) of spectral line 
as a function of transition energy E. 
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over and above the transition energy . We thus have 

eJ = + Ep . (1.44) 

Further it is well known that the excited state B does 
not possess a single energy E^ but is characterized by a spectral 
lineshape <^(E) centered around E^ [Fig. 1.1(b)] given by 

c^(E) = ^ 5 — - , (1.45) 

1 + 4 (E-E^)Vr^ 

where F, the natural line width of the state, is related to the 
mean life time, r, through Heisenberg's uncertainty principle 

Ft = h/2tT , (1.46) 


where h is the Planck's constant. The energy of the stable ground 
state is very sharp because it has t oo and F 0 . As a result 
the energy of the photon emitted in the transition from level B to 
A displays a natural line shape similar to Eq . (1.45) but centered 
around E^ which is given by Eq . (1.43). Similarly the energy of 
the photon, which can induce a transition from level A to B, also 
displays a distribution similar to that of Eq . (1.45) but centered 
around E^. An emission of photon will be followed by a resonant 
absorption when = E^ and is determined by the overlap of the 
two distributions 


-3(E) 


1 + 


4(E-Ep^ 


-,-1 
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and 


(1.47) 


a>^(E) 


1 + 


4(E-Ep^ 





The nature of this overlap for the two cases : (a) the 
atomic system (emission of an optical photon) where « r and (b) 
the nuclear system (emission of a gamma ray) where » r, is 
shown in Fig. 1.2. It may be noticed that the overlap is very 
small in the case of the nuclear system. 

Mbssbauer discovered that in the case of nuclear gamma 
rays, the overlap of the emission and absorption line shape 
spectra can be increased by a significant amount if the emitting 
and absorbing atoms are sufficiently tightly bound inside a solid 
lattice thus increasing the efficiency of the resonant absorption. 

In terms of quantum mechanics, Mbssbauer effect can be 
described by saying that it consists of an enhancement of the 
probability for observing the zero phonon events (i.e., events in 
which there is no transfer of energy to or from lattice) over one 
phonon, two phonon or higher events. 

It has been shown that the probability, f, for zero 
phonon event (f is usually termed as recoil-free fraction) for a 
Debye solid at T = 0 K is given by 

f = exp [-3Ej^/2kgep] , (1.48) 

where kg is the Boltzmann's constant and is the Debye 
temperature of the solid. 




^0"Er Energy 


Fig. 1.2 Overlap of the emission and absorption lines 

showing the relation between E ,E^,and for 

o r “y 

two cases: (a) optical case Ep « r (b) nuclear 


case Ep^ » r. 
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The above discussion makes it clear why the Mossbauer 

effect can be observed only for a small number of nuclides. For 

the observation of Mossbauer effect f must be significantly large 

2 

implying that Ed « ko^n- As Ed « E we may think that the 
r\ D D K O 

solution lies in using very low energy gamma rays. However, very 

low energy gamma rays will have a poor emission yield and will 

need very thin absorbers. In most of the practical cases 

Mossbauer effect is observed in the range 10 keV < E^ < 150 keV, 

depending on the 6^ value of the element involved. 

The nucleus in which the Mossbauer effect is most often 
57 

observed is Fe. Most of the studies in Mossbauer spectroscopy 

57 

have been carried out in solids containing Fe. It is well-known 

that at room temperature iron exists in the bcc cubic lattice 
57 

structure and Fe nucleus has a ground state with spin I = 1/2 

and excited state at 14.4 keV with spin I = 3/2. The radioactive 
57 57 

source Co decays to Fe with a halflife of about 270 days ■via 

electron capture (Fig. 1.3) and can be easily produced through the 

56 57 

nuclear reaction Fe (d,n) Co. As seen in Fig. 1.3, the 

57 57 

radioactive decay of Co leads to the excited state of Fe and 

the transition from the (3/2) state to the (1/2) state provides 

57 

the gamma ray for studying the Mossbauer effect in the Fe 

57 

nucleus. In the present study we have used Fe as Mossbauer 
nuclide . 

Hyperfine Interactions 

The nature of the Mossbauer spectrum and the number and 
positions of the peaks observed in a Mossbauer spectrum are 
sensitive to the extranuclear environment and as a result 
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57 

different spectra are observed from different compounds of Fe. 

To understand these differences in the spectra, one has to 

understand the effects of the so-called hyperfine interactions. 

The hyperfine interactions are the result of interaction between 

nuclear moments and electromagnetic field at the nucleus which is 

produced by the surrounding electrons and ligands, when a 

nucleus is bound in a solid. The interaction energy is 

-6 -9 

small (10 - 10 eV) and hence the name 'hyperfine interaction'. 

These hyperfine interactions can be described in terms 
of the Hamiltonian 

H = + E 2 + + . . (1.49) 

where 

E^ ->■ Electric monopole interaction between nucleus and the 
surrounding electrons [This part gives rise to isomer 
shift (IS)] . 

E 2 Electric quadrupole interaction between the nuclear 

electric quadrupole moment and the electric field 
gradient of the surrounding electrons [This part gives 
rise to quadrupole splitting (QS)]. 

Magnetic dipole interaction between the nuclear 
magnetic moment and the surrounding extranuclear 
magnetic field [This part gives rise to nuclear Zeeman 
effect] . 

Electric Monopole Interaction 

The electric monopole interaction affects the position 

(or the centroid) of the resonance line on the energy (or 
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velocity) scale thus giving rise to the so-called isomer shift 

(IS). The electric monopole interaction results from the 

electrostatic interaction between the charge distribution of the 

finite-sized nucleus and those atomic electrons which have a 

finite probability of being found in the nuclear region. As a 

result of this interaction, the nuclear energy levels do not show 

any splitting but there is a small but measurable shift of the 

Mossbauer energy levels in a compound compared to that in a free 

atom. This effect is illustrated in Fig. 1.4(a), where this shift 

is shown to be different in source and absorber. The energy of 

the Mossbauer gamma ray in the source is denoted by E® while that 

in absorber is and the difference between E^ and E^ is 

r r r 

-9 

typically of the order of 10 eV. In order to observe resonance, 
one will have to provide a Doppler velocity v to the source (or 
absorber) so that [E^ ± - E®] = E^. 

In the absence of electric quadrupole or magnetic dipole 
interaction, isomer shift manifests itself as the shift of the 
single resonance from the zero velocity [Fig. 1 .4(b)] . If the 
electric quadrupole or magnetic dipole interactions are also 
present, the isomer shift is determined from the centre of gravity 
of the Mossbauer spectrum and it gives a measure of the strength 
of the electric monopole interaction. 

The isomer shift can be computed classically by 
considering the effect of the overlap of a-electron density with 
the nuclear charge density [43] . The nucleus is assumed to be an 
uniformly charged sphere of radius R. The a-electron density at 
the nucleus is denoted by [^(0)^]“ and assumed to be constant over 
the nuclear volume. Let 6E denote the energy difference between 
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2 

the electrostatic interaction of a point nucleus with [v'CO)^] and 

the interaction of a finite-sized nucleus having radius R with 
2 

Cv'(O) ] . It can be written as 

SE = k , (1.50) 

where k is a nuclear constant. As R is generally different for 
ground and excited nuclear states, <5E will be different for both. 
Using the subscripts e and g for the excited and ground nuclear 
states respectively, we have 

- 6Eg r K CV'(0)g]2(R2 _ (1.51) 

57 

For a given nucleus (e.g., Fe), the R-values will be 

2 

constant but the values of [v'(0)^] will vary from one compound of 
iron to another. In Mossbauer experiments the above energy 
difference becomes measurable by comparing the nuclear transition 
energy in a source (E^) with that in an absorber (E^). The isomer 
shift is the Doppler velocity which is provided to the source to 
observe the resonance and is given by the difference of Eq. (1.51) 
for the source and the absorber, i.e., 

IS = K(R^ - Rg) [CKO)^]^ - Cv'(0)s]s ] » (1.52) 

where the subscripts a and s refer to the absorber and source 
respectively. In usual practice, one uses a standard source 

c? 57 

material (e.g., Co in Rh) for Fe Mossbauer spectra. As the 
change in radius 6R = (R - R ) is very small, the isomer shift can 
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then be written as 


IS = 2KR^ 




-] 


(1.53) 


where C is a constant characteristic of the source used. Thus the 

isomer shift depends on a nuclear factor <5R and an extranuclear 
2 57 

factor [V'(O)^] . For a given nucleus Fe, <5R is a constant and 

so the isomer shift is directly proportional to the £.-electron 

density at the nucleus. In the case of Fe, t5R is negative and 

thus the isomer shift becomes more negative with an increase in 

57 

the £.-electron density at the absorber nucleus ( Fe). In 
addition, changes in p.- or d.-electron density also induce changes 
in IS value even though the p- or d-electrons do not directly 
interact with the nuclear charge density. 


Magnetic Dipole Interaction 

A nucleus having a spin I has a magnetic dipole moment 
given by the equation 




( 1 . 54 ) 


0 

where gj^ is the nuclear Lande splitting g factor and “ 

nuclear magneton. 

The effective magnetic field, ^gff' Mcissbauer 

nucleus is 



(1.55) 
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where is the externally applied magnetic field and is 
the internal magnetic field having contributions from three terms 
as given below 


H. . = H + H, + H . 

int c L d 


(1.56) 


where H is the Fermi contact field which arises from a net 
c 

S.-electron spin density at the nucleus as a consequence of spin 
polarization of inner filled s.-shell by spin-polarized partially 
filled outer shells; is the contribution from the orbital 

motion of valence and partially filled inner shell electrons and 
is the spin dipolar term arising from the spin of the electrons 
outside the Mossbauer atom. 


Magnetic Splitting 

The magnetic dipole moment p can interact with an 
effective magnetic field at the nucleus. The Hamiltonian 

for this interaction (which is also called magnetic dipole 
interaction or nuclear Zeeman effect) is given by 


^ ^eff ~ ^N'^N^^eff 


(1.57) 


The energy eigenvalues of corresponding to the eigen- 
vector |Imj> is given by 

pHmj 

= - — = SsVl • 

It is obvious from Eg. (1.58) that this interaction 
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causes a nuclear state |Iinj> to split into (21 + 1) substates 

|Imj - 1>, . . . . jl 

57 

Let us consider the case of Fe in which there is a 

3 1 

transition between the states |I - 2 ~ 2 

state I = 3/2 will be split into four substates with an energy- 

splitting of /J Hm-r/I with respect to the energy of the 

e 1 e 
e 

unperturbed (or unsplit) state. Similarly, the state I = 1/2 will 
be split into two substates with an energy splitting of 

UBj/I ) . In the above discussion the suffixes e and g refer to 
the excited state I = 3/2 and the ground state I = 1/2 
respectively. This is shown in Fig. 1.5. Taking into account the 


selection 

rule Afflj = 

0, 

± 1 , 

the transitions 

from I = 
e 

3/2 

to 

Ig . 1/2 

give rise to 

six 

symmetric lines 

with 

respect 

to 

the 

centroid . 

The centroid 

in 

the 

spectrum is 

the 

position 

of 

the 


spectral line if the I = 3/2 and I = 1/2 states were not split. 

e g 

By measuring the positions of the resonance lines in the 

57 

Mossbauer spectra, = H at Fe can be found out as 

5 - 1 - 1 

H = 0.843 x 10 [L^ - Lg] x calibration (mms channel ) Oe, 

where Lg and are the positions of the third and fifth 

lines, respectively. 

The study of the effective magnetic field at the nuclear 
sites has been very useful in understanding the magnetic 
properties of solids on atomic scale. We shall use such an 
analysis to characterise the nature of the magnetic phases 
precipitated in the metallic glasses studied by us. 




Effect of magnetic hyperfine interaction on 

57 

energy levels of ‘ Fe.Peak positions of the 
six-finger pattern are shown at the bottom 
( C=Centro id ) . 


CHAPTER II 


EXPERIMENTAL 

2.1 Electrical Resistivity and Magnetoresistance 

Amorphous F®80^20-x^^x 

alloy ribbons were obtained from F.E. Luborsky of the General 
Electric Company, U.S.A. These amorphous ribbons were prepared by 
melt-quenching onto the surface of a rotating wheel. Their 
amorphous nature was checked by X-ray diffraction. 

The schematic diagram of electrical resistivity set-up 
is shown in Fig. 2.1. dc-electrical resistivity measurements were 
made between 8 and 300 K using a four-probe method. Temperatures 
down to 8 K were achieved by using a closed-cycle helium 
refrigerator (CTI and Cryosystems) . In these refrigerator systems 
compressed helium gas is made to expand in a chamber with a piston 
and an assembly of regenerators. The temperature, lowered as a 
result of the expansion of helium gas in this chamber, is carried 
by a oxygen-f ree-high-conductivity (OFHC) copper disc. The helium 
gas after expansion is returned to the compressor by the motion of 
the piston and the valves. The movement of the piston is 

controlled electrically and synchronized properly. Thus the low 


temperature is 

available 

on a plate of diameter of about 

1 

inch. 

and the sample 

, placed on 

this, is cooled 

by 

conduction 

■ 

This 

requires a proper thermal 

contact between 

the 

plate and the 

sample 

but a good 

electrical 

insulation between 

the two 

is 

also 

necessary for 

electrical 

measurements . 

To 

achieve 

the 

twin 


requirements simultaneously cigarette paper was pasted on the 
copper disc with GE varnish and then the sample of typical length 
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Fig. 2.1 Schematic diagram of electrical resistivity set-up. 
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of about 2-3 cm was pasted on it again with GE varnish. This 
varnish gives a good thermal contact of the sample with the disc. 
The nonmagnetic copper-phosphorous alloy electrical leads were 
soldered to the sample using low-melting point nonsuperconducting 
solder (eutectic CdZn) with a low wattage soldering iron to 
prevent partial crystallization of the sample. 

In measuring the resistance in zero magnetic field a 
Datron 1071 Autocal digital multimeter (DMM) was directly used. 
The measuring current in this case was 10 mA and was provided by 
the DMM itself. A pre-calibrated Si diode (DT-470, Lake Shore) 
was attached to the copper disc by indium foils for good thermal 
contact. The temperature was monitored and controlled by a 
temperature controller (DRC-82C, Lake Shore). This silicon diode 
senses the temperature of the copper disc and hence of the sample. 
The heater is wound non-inductively just below the copper disc. A 
proper choice of PID (proportional-integral-derivative) values of 
the temperature controller ensured a temperature stability within 
± 0.1 K. Without using any heater power, the temperature obtained 
by the cold-head is 8 K. For taking data, first one sets the 
temperature. Once the temperature is reached within ± 0.1 K, the 
resistance of the sample at that particular temperature is 
taken. After the current direction is reversed, R_ is noted. The 
average of these two values of R is the actual resistance of the 
sample at that particular temperature. The current direction is 
reversed to minimize thermo e.m.f. effects. The accuracy of AR/R 

5 

was better than 1 part in 10 . 

For samples x = 0, 6, and 12 magnetoresistance was 
measured in both orientations (current density ? II and J -l 
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where ^ is the magnetization) at sever*. i ^ ^ ^ 

constant temperatures. 

In measuring magnetoresistance an exterr^ i 

■^-rnai constant current source 

(6177 C, Hewlett Packard) was used tn 

provide a current of 100 mA. 
The voltage developed across the s 8 Tnr.i... 

was measured with the 

Datron DMM . The magnetic field up tn io r , 

Id. 5 koe was provided by a 

15 inch Varian V-3800 electromagnet tk 

ihe external magnetic field, 

in both the orientations was always in +u 

" the plane of the ribbon to 

ensure low demagnetization factors tkc. 

me temperature was sensed by 

a pre-calibrated carbon-glass resist«nn,. 

=>i^ance thermometer (CGR-1-1000, 

Lake Shore) which had very low magnpt-n.,. 

Knetoresistance (- 0 . 2 % at lOK and 

2.5 Tesla) even at the lowest temperatn-., 

cure. The temperature was 

monitored and controlled by a temD*.-n« 4 . 

'“verature controller (DRC-93C, 

Lake Shore). In these measurements the 


1 part in 10°. Resistance measurements 

110 temperatures between 10 and 300 K at 
of 2, 7, and 14 kOe. 


accuracy of AR/R was about 
Were also taken at about 
constant magnetic fields 


2.2 High- and Low-Temperature 

These magnetic measuremeni-c 

®nts were done by using a 

vibrating sample magnetometer (155, PARi m. 

The magnetometer was 

calibrated with the help of a standard n-; , „ 

«ara Ni sample after the usual 

saddle-point adjustments. Several pie-noc . , . 

cces of the metallic glass 

samples of length 2-3 mm each were loarip.H 

in the sample holder 

with the magnetic field in the plane a-u 

aue Of the ribbon. The output 

from the magnetometer was directly reco-rri«»ri v t* 

^^raed on an X-Y recorder. A 

high-temparatura oven asaa.bly (ISl. aonjunction «lth the 

VSM, enabled us to make maasuraments above 300 K, These 
measurements were done in the residual field (30 Oe) ct a 9- inch 
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Varian V-7200 electromagnet. The sample was heated in the 
temperature range of 300 to 990 K. A chromel-alumel thermocouple 
was used to measure the temperature with an accuracy of 1 K. 

The typical heating-rate used in the experiment was 5 K/min, but 
near the transition temperature, the rate was lowered to 2 K/min. 
X-ray diffraction at room temperature was taken on the 

crystallized samples, obtained after thermomagnetic study, using 
Rich and Seifert Isodebyeflex 2002 diffractometer with a 
source . 

For low-temperature measurements below 300 K a 
closed-cycle helium refrigerator (CTI and Cryosystems) was used. 
The minimum temperature that could be reached was 19 K. The 
temperature was measured with a 100 O platinum resistance 
thermometer (Pt-100, Lake Shore). dc-magnetic fields up to 16.5 
kOe were obtained from a 15-inch Varian V-3800 electromagnet. 

2. 3 Mossbauer Spectrometer 

The Mbssbauer spectrometer, shown schematically in Fig. 
2.2, consists of the following units : 

(i) Radioactive source which emits gamma-ray photons 
appropriate for observing Mossbauer effect. 

(ii) Mossbauer drive which can provide measurable relative 
velocities between the source and the absorber, usually 
with a constant acceleration. 

57 

(iii) Sample to be studied (containing Fe nuclei) as an 
absorber . 

(iv) Gamma ray detection and amplification system. 

Multichannel analyzer (MCA) for data storage and 


(V) 




Data Storage System 


Fig. 2.2 Schematic block diagram of Mossbauer spectrometer. 
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analysis . 

A good Mossbauer spectrometer is built with an 
appropriate and optimum combination of the above parts. In the 
following section we shall briefly discuss the details of the 
above units used in the present work. 

ID Gamma-ray photon source 

In our experiments we used a radioactive source of 'Co 

diffused in Rh matrix. It had an initial activity of 25.5 mCi 

and had a recoil-free fraction equal to 0.76. This source 

57 

provided 14.4 keV gamma rays in Fe which were appropriate for 
Mdissbauer spectroscopy and it was supplied by New England Nuclear 
Inc., U.S.A. 

li> Mossbauer drive 

The Mossbauer spectrometer, used in the present work was 
based on the system supplied by WISSEL (tf issenschaftliche 
Elektronik GmbH), West Germany. It consists of a velocity 
transducer (model MA-260), a function generator (model DFG-1200) 
and a driving unit (power amplifier, model MR-360). 

The velocity transducer is based on the principle of two 
mechanically coupled loudspeakers [44,45] and it consists of a 
pair of rigidly connected coils (driving and pick-up coils) wound 
on the sample holder. The schematic diagram of the velocity 
transducer is shown in Fig. 2.3. A permanent magnet produces a 
homogeneous magnetic field in the air gap of the coil system and 

4 

this field is constant (within few parts in 10 ) along the axis of 
The constant magnetic field ensures high linearity of the 


motion . 
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Fig. 2.3 Schematic diagram of electromechanical velocity transducer. 
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driving system. The magnetic induction is approximately 0.25 
Tesla. The function generator produces a reference signal which 
is fed to the power amplifier. The output of the power amplifier, 
which is proportional to the ideal velocity of the transducer, is 
fed to the driving coil. The actual velocity is sensed by the 
pick-up coil in the form of a pick-up signal. The difference 
between the reference signal and the pick-up signal is known as 
the difference (or error) signal. This difference signal is 
proportional to the deviation of the actual velocity from its 
stipulated value. The difference signal is then amplified and fed 
back to the driving coil through a feed-back loop amplifier to 
minimize the deviation from the ideal velocity. 

iii) Absorbers 

In our measurements we used (i) natural iron (oi-Fe, 
enriched in ^"^Fe) and (ii) 310 stainless steel (310 SS) as 
standard absorbers to calibrate the Mossbauer spectrometer. These 
standard absorbers were obtained from Amersham International 
Limited, Amersham, U.K. 

The sample absorbers were prepared from the ribbons of 

Fe B Si (x = 0, 2 and 8) placed parallel and close to each 
30 20— X X 

other by pasting them over copper rings with inner diameter of 
1 cm . 

iv> Gamma— ray photon detection system 

The gamma-ray spectrometer, used in the present work, 

consists of the following : 

a) Proportional counter : model I 1331, ECIL. 
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b) Preamplifier : model 2006, Canberra, U.S.A. 

c) High voltage power supply : model 456, EG & G ORTEC, U.S.A 

d) Spectroscopy amplifier : model 2021, Canberra, U.S.A. 

The gas-filled proportional counter, used in the present 

work, contained krypton and has an aluminised mylar window. It is 

well-known that the proportional counter receives the gamma-ray 

photons and converts them into linear charge (or electrical) 

pulses. These linear charge pulses are received by the 

preamplifier which gives as output a set of linear tail voltage 

pulses. The amplitude (or the height) of these linear tail pulses 

is directly proportional to the energy of gamma-ray photons 

received by the proportional counter. A high-voltage power 

supply, capable of supplying +1500 to +3000 volts at 0.1 to 1.0 

mA, is used to operate the proportional counter. The output 

pulses from the preamplifier are further fed into a linear 

amplifier which delivers analog output pulses in the range 0-10 

volts. The analog pulses carry the energy information about the 

gamma-ray photons which are received by the proportional counter 

[46,47]. Before recording the Mossbauer spectrum in the 

transmission mode it is necessary to fix the energy window of the 

gamma-ray spectrum to ensure that the appropriate 'Mossbauer' 

57 57 

radiation is selected. In the case of Co- Fe Mossbauer 
spectroscopy (which was used in the present work), the appropriate 
Mossbauer radiation is the 14.4 keV gamma ray. This was achieved 
by using a single channel analyzer (SCA) or by using a 
multichannel analyzer in the pulse height analysis (PHA) mode. 
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v) Multichannel analyzer 

In the present work we used the multichannel analyzer 
(MCA) (model no. ND-65) supplied by Nuclear Data Inc., U.S.A. It 
was used in the pulse height analysis (PHA) mode for fixing the 
energy window and in the multichannel scaling (MCS) mode for 
recording the Mbssbauer spectrum. Data acquired in the MCA was 
printed out using a Teletype printer which was interfaced with the 
MCA. 


Experimental Procedure 

The velocity transducer, source absorber, and 

proportional counter were mounted and aligned carefully on a 

vibration-free optical bench. By adjusting the distance between 

the source and the detector, a well-resolved three-peak pulse 

height spectrum was obtained (Fig. 2.4). The intensity of the 

low-energy X-rays (6.2 keV) was reduced off by inserting a thin 

aluminium foil between the source and the absorber. Next, the 

lower level discriminator (LLD) and upper level discriminator 

(ULD) controls of the MCA were adjusted to store those pulses 

whose height corresponded to the full photopeak of the 14.4 keV 

57 

gamma ray in the pulse height spectrum of the Co source. 

In the transmission Mossbauer spectroscopy, as used in 
the present work, the transmission rate of gamma rays through a 
resonant absorber was measured as a function of the relative 
velocity between the source and the absorber. The relative 
velocity between the source and the absorber was swept rapidly 
through the range of interest, < 0 < + in both the 

directions with the help of a function generator which provided 
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symmetric saw-tooth voltage waveform (or the reference signal) to 
the velocity transducer. The gamma rays transmitted through the 
absorber were detected by a gamma-ray detection system and were 
stored in 512 channels of the MCA in the MCS mode. Synchronization 
of the channel number in the MCA with the velocity increment AV, 
between V and V + AV , was achieved by advancing the address of the 
memory, one by one, through an external clock (i.e., channel 
advance pulses which were produced by the function generator) and 
it divided the period of reference signal into 512 pulses. A 
'start' pulse, which coincided with the beginning of the reference 
signal, enabled the MCA to start with channel number 1 being 
advanced by the clock pulse. 

The calibration of the present Mossbauer spectrometer 
was done by using the standard a-Fe absorber whose Mossbauer 
parameters are well-known. The peak positions of the Mossbauer 
spectral lines of oi-Fe are known to be situated at -5.328, -3.083, 
-0.838, +0.838, +3.083, and +5.328 mms"^, respectively. A typical 
Mossbauer spectrum of oi-Fe showed 

a) Centroid position at 127.8 channels, 

b) Velocity per channel = 0.097 mms and 

c) Line-width (full-width at half-maximum) = 0.28 mms 

Geoinetrical Effects 

The performance of the Mossbauer spectrometer is 
affected considerably by the geometry of the source-absorber- 
detector system. We outline below the two major types of such 
geometrical effects which give rise to distortions in the 


Mossbauer spectrum. 
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i) Source-detector distance variation effect 

In a transmission Mossbauer experiment the source is 
usually made to move back and forth about its mean position and 

the absorber is kept at rest. As a result, the distance between 

the source and the detector changes periodically during one cycle 
of motion. The number of gamma-ray photons, received by the 
detector per second, is directly proportional to the solid angle 

subtended by the source at the detector window and this number 

changes continuously and periodically as the source moves towards 
and away from the detector. This results in a non-flat behaviour 
of the baseline of the Mossbauer spectrum. 

This type of geometrical effect can be eliminated by 
folding the two Mossbauer spectra in the MCA (these two M5ssbauer 
spectra, the so-called right and left spectra, are the 
consequences of the symmetric nature of the saw-tooth waveform of 
the signal fed to the Mossbauer drive). 

11!) Cosine effect 

The cosine effect is caused by the finite size of the 
source, absorber and of the detector window and it results in the 
broadening of absorption peaks with a slight shift in peak 
positions. The gamma-ray photons reaching the detector fall at 
different angles with respect to the direction of relative motion. 
The energy of the gamma-ray photons which enter the detector is 
given by 

E(a) = [l- I cos ©j, 

where © is the angle between the propagation direction of the 

and the direction of the relative motion. 


gamma-ray photon 


The 
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possible values of 6 for a particular geometry varies between 0 
^max hence it is not possible to consider a single 

effective velocity. If 6 is large (i.e., source-detector distance 
is small), this effect will be pronounced resulting in a broad and 
distorted spectrum. If source-detector separation is large, the 
cosine effect will decrease. However, at large source-detector 
separations, the counting rate will become lower thus reQuiring 
longer time for recording spectrum. In our measurements, this 
effect was minimized by optimizing the distance between the source 
and the absorber. 

Data Analysis 

Mossbauer data are usually analyzed with the help of a 
computer program which assumes the peaks to be Lorentzian . This 
approximation is reasonably good when the source and the absorber 
have low effective layer thickness. 

A number of computer programs are available for carrying 
out the analysis of Mossbauer data. The basic concept is almost 
the same in all the programs. In our analysis we have used a 
program based on the method developed by Law and Bailey [48]. This 
program finds the value of adjustable parameters (i.e., guess 
values) to get closest agreement between the experimental data and 
the value predicted by the assumed function. 

Let the function 4 > - ^2 functional 

form chosen to fit the experimental points Y^. 
getting the set of parameters is that 

N N 



i=l i=l 


The condition for 
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is a minimum, where N is the number of experimental data points. 



CHAPTER III 


result and discussion 

3.1 Electrical Resistivity^ 

The temperature dependence of the normalized resistivity 

r(T) = P(T)/p(0°C) in the temperature range 8 - 300 K for the 

amorphous ^®3 qB20-x^^x ~ 12) series is 

shown in Figs. 3,1 and 3.2. In this temperature range these 

glasses are ferromagnetic with more or less constant between 

645 and 680 K. The values of p at different temperatures have 

been normalized to their respective resistivity value at 273 K 

because there is a large error (~10%) in the measurements of the 

ribbon thickness and width, resulting in a large inaccuracy in the 

absolute values of p. The latter has been calculated by measuring 

the sample resistance at room temperature. The room-temperature 

value of p is (127 ± 10) pOcm for the whole series. The p 

versus x plot does not show any specific trend within the 

experimental accuracy. Figures 3.1 and 3.2 show that p changes by 

3-4% from 8 to 300 K. Minima in p are observed at temperatures 

(T . ) below 20 K. Typically, T^. varies from 11 to 16 K. Such 
min min 

minima at low temperatures are observed in various ferromagnetic 
and nonferromagnetic amorphous glasses. This feature is known to 
arise as a result of structural disorder, electron localization 
etc. [49]. Since the temperature range below is hardly 

available to us, we could not investigate this further. 

We analyze the region above T , on the lines of the 
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sections 3.1 and 3*2 has 
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predictions of the model by Richter et al. [4] for amorphous 
ferromagnets. These samples are ideal for verifying the 
predictions of this model as they remain ferromagnetic in the 
whole temperature range used for analysis. We have taken data 
points every 1 K apart at low temperatures and every 2 K at higher 
temperatures. The dispersion in the data is rather small and the 
number of data point are sufficiently large for us to draw 
meaningful conclusions from their fits to Eqs. (1.7)-(l.g). A 
least-squares-f it program in Pascal on an IBM PC microcomputer was 
used. Table 3.1 shows the fits of the data between 35 and 85 K to 


Eqs. (1.7) 

for all the samples 

with 

two terms 

[Eq. 

(1.7a)3 

and 

three terms 

[Eq.(1.7b)] . 

In 

Eq . 

(1.7a) only 

two 

terms 

are 

considered , 

the temperature 

independent part (p^) 

and 

the t2 

term . 


The latter comprises of contributions from both the structural and 

the magnetic term since the functional dependence of both these 

are the same and thus makes them indistinguishable from each 

3/2 

other. If the magnetic term is considered to be of the form T , 

2 

then we have this term as well in addition to the and T 

terms of Eq . (1.7b). One should note that r (T) in Eqs. (1.7) to 

2 -10 

(1.9) is of the order of 1 , thus a a: of the order of 10 

represents a very good fit since the accuracy of R(T) itself is 

6 2 

only a few parts in 10 . Here we have defined as 

N r 

^ "I r(T)^(measured) - r(T)^(f itted)J / N, 
i=l 

where N is the number of data points. It is obvious from the 
values of that the inclusion of the term invariably 

iiiprovBS th© fit V6ry signif ics-ntly ©nd, in som© cas6s, ©ven by 



Table 3.1 


2 

Composition, coefficients for fits to Eq . (1.7) and resulting x , 

2 

coefficients for fits to Eqs.(1.8) and (1.9b) and resulting x and 
values of obtained from Eqs . ( 1 . 10 )-( 1 . 12 ) in F®qq ^20-x^^x 

( 0 X 12) amorphous f erromagnets . 


X 

Range 

of fit : 35-85 K 

Range 

of fit : 

200-300 K 



( at . 

%) 

lo'^ « 
(K-2? 

^°- 3 / 23/2 

(K ) 

*2 

(10 

4 

lO^a: 

- 1 

(K ^) 

10 ^ a- 

(k-2? 

(K 

(10 '■°) 

(K) 


1.8 41.8 386^ 


7.5 3.8 

0 1.3 1.1 1.8 319^ 



5.6 

2.0 

0.9 

0.7 


4.4 

1.9 

217^^ 





1.9 



69.9 

353 


9.0 


42.4 






1^ 




1.4 

1.1 


8.3 

288 


2.1 

7.8 

1.6 

0.9 


4.4 

8.7 

694*^ 





1.9 



28.3 

385 


8.1 


9.2 






2 




1.6 

0.7 


4.3 

346 


5.2 

3.0 

2.1 

1.2 


2.8 

4.2 

381 





1.7 



15.6 

435 


6.6 


10.0 






4^ 




1.4 

0.7 


5.1 

396 


5.8 

0.9 

9.4 

1.1 


3.0 

5.0 

303 





2.0 



17.1 

367 


8.7 


7.2 






6 




1.7 

0.5 


7.0 

339 


5.9 

2.9 

0.5 

1.4 


2.2 

7.0 

402 






62 





2.1 


48.3 

378 


9.0 

2.7 





8 



1.5 

1.1 

2.4 

315 


7.7 

1.4 1.2 

1.0 


4.7 2.4 

206 




1.9 


33.6 

364 


8.6 

15.0 





12 



1.5 

0.7 

13.6 

323 


4.5 

4.2 0.9 

1.2 


3.1 13.8 

432 

Ave- 

8.2+0.9 


1.9±0.1 

0.810.3 


3811 

rage 



1.5±0.1 



3291 


5.8±1.1 

2.4±1.2 

1.110.2 


3.411.0 

3241 


a. For X = 1 and 4, range of fit at low temperatures is 45-95 K. 

b. The numbers in this row are not used for calculating the average 
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more than an order of magnitude. The fact that there is another 
term present over and above the term (here is further 

demonstrated in Fig. 3.3. It shows the deviations of individual 
data points from the best fitted curve (a) using Eq . (1.7a) and 

(b) Eq. (1.7b) for samples with x = o, i, 6 , and 12. It is clear 
that, in the case of (a), the deviation is large and systematic 
whereas, in the case of (b), it is small and random (i.e., 
intersecting the zero deviation line more frequently). 

Fitting the data between 200 and 300 K to Eqs. (1.8) and 
(1.9b), significant improvement in the value of ■)? is achieved 
with the inclusion of either [Eq. (1.8a)] or [Eq-(1.8b)] 

term over the linear term only [Eq.d.gb)]. However, there is 

2 

nothing much to choose between the two alternatives from the x 

2 

values. Thus, it is very difficult to conclude whether it is a T 
or a T term that has to be added to the linear electron-phonon 
term at high temperatures. We have also tried to fit the data 
between 200 to 300 K with both terms together, i.e., T^ and 
terms in addition to the linear one. We find that the coefficient 
of one of the terms (T or T ) becomes negative and, hence, it 
is unacceptable in the present context. It should be pointed out 
that any quantitative analysis involving more terms (here four) 
demands better resolution of the data. 

2 

In order to establish a magnetic contribution (be it T 
or T^'^^) on a firmer basis, in Fig. 3 . 4 , dr(T)/dT is plotted 
against temperature for samples with x = 0 , 2, 6 , and 8 . For 35 < 
T < 85 K region, the derivative varies slower than T, which 

n 

definitely implies that over and above a T term there is a term 
which varies faster than T but slower than T . The 85—200 K 



Deviation Deviation 



!ii1 



60 

T ( K) 


X r 1 


= 12 


' 80 ^ 20 -x'^'x 


Fig. 3.3 Deviation versus temperature for x = 0, 1, 6, and 1 

alloys, (a) denotes deviations of data points from fit 
to Eq. (1.7a) and (b) from fits to Eq. (1.7b). 
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region is one of a transition between two regions where different 

mechanisms come into play and, hence, has been left out in this 

quantitative analysis. The derivative curves above 200 K are not 

horizontal. If there were only a linear term in rCT) (i.e., no 

magnetic contribution), the derivative would have been a constant. 

2 

An additional T term will give a derivative which is linear in T. 
A slight curvature observed here might indicate the presence of a 
term instead of a one. 

The values of 6 ^, obtained from Eqs. ( 1 . 10)-( 1 . 12) , are 

given in Table 3.1. We have intentionally not included the values 

of a and a' in the table since they are subsequently not used, 
o o 

However, the values are ^ 0.96. 

It is also observed that the coefficients are rather 
sensitive to the temperature range of the various fits. Hence, 
their composition dependence, as well as that of 0^, which solely 
depends on these coefficients, could not be determined from the 
present work. Since the transition-metal (Fe) content is the same 
in all the alloys, a strong composition dependence is also not 
expected. However, the coefficients of the magnetic terms [viz., 
^3/2' °^3/2’ ^2 (1.7b), (1.8b) and (1.8a), 

respectively] depend on various parameters, such as the unit-cell 
volume, the spin of the local magnetic moment, spin-wave stiffness 
constant, structure factor, Fermi momentum, etc. [4]. The 
different kinds of composition dependence of all these factors put 
together may be partly responsible for the random variation of 
these coefficients. More reproducible and higher-resolution data 
are necessary to quantitatively find the effect of composition on 
these coefficients. The present work only establishes their 
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values within a factor of 2. Thus, we have included their 

averages and standard deviations at the end of Table 3.1. 

2 

If T is taken as the magnetic term, then the average 

7 4 7 

values of the coefficients 10 10 and 10 obtained by 

Kaul et al. [8] in FeeoB20-x^x 

1.0 ± 0.1, and 0.7 ± 0.3, respectively) agree very well with 

those found by us (Table 3.1), namely, 8.2 ± 0.9, 1.5 ± 0.1, and 

0.8 ± 0.3, respectively. The resulting values (330 ± 40) K are 

realistic and consistent with the literature value for the x = 0 

alloy [50]. Nevertheless, we also find equally good fits, if not 

much better at low temperatures, if T is taken as the magnetic 

term. The values of the coefficients '^3/2 nearly 

equal to each other (== 3 x lO"® implying that the same T^^^ 

term could exist over the entire temperature range. Their values 

have the same order of magnitude as that in a different amorphous 

-fi “3 /2 

material Co^P [4] where the value is 16 x 10 K . However, 

3/2 

the values of 0 ^, then (if the magnetic term is T ) become 
widely different from one another with an average of (324 ± 


97) K. 

One possible explanation for the apparent discrepancy in 
could be the following. Eq . (1.6) is valid for T « T^ . The 
lower temperature range for fitting our data to Eqs. (1.7a) and 
(1.7b) is 35 - 85 K for which T < 0.13 T^. Thus, our observation 
of the term dominating over the T^ term at lower temperatures 

seems quite reasonable. But the higher range for fitting the data 
to Eqs. (1.8a) and (1.8b) is 200 - 300 K (T 0.45 T^). The 

latter range may not satisfy the criterion of T « T^.. As a 

result, the use of Eq. (1.6) as predicting the magnetic 
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contribution in this range may not be correct. Thus, the 

coefficient of the linear term (electron-phonon scattering) a' 
will be erroneous and will affect the value of adversely [see 

Eqs. (1.11) and (1.12)]. However, if that was the case, the set 
of more reasonable obtained from Eq . (1.11), would have to be 

taken as fortuitous. Thus, we conclude that the magnetic 
contribution to the total resistivity is indeed through the 
term at least for T « . Also, the temperature range T > is 

likely to be outside the domain of Eq . (1.6) in predicting the 

magnetic term. 

3.2 Magnetoresistance 

The longitudinal (S II i^) and transverse (^ jl i?) 

A^jj , 

magnetoresistances, given by — — = (p„ - p)/p and = (p 

P II p JL 

p)/p> are plotted against for samples with x = 0, 6, and 12 

in Figs. 3.5, 3.6, and 3.7, respectively at several constant 
temperatures. We find that these amorphous materials behave 
very much the same way as their crystalline counterparts, 
namely, at low fields the longitudinal magnetoresistance is ■ 
positive while the transverse one is negative. The longitudinal 
magnetoresistance rises rather fast with increasing field whereas 
the transverse one drops much more slowly with increasing field. 
The technical saturation in Apjj/p is attained at a lower field 
value than that in Ap^/p. It implies that the domain rotation 
processes occur at lower applied magnetic field for the 
longitudinal case than that for the transverse one. This is due to 
the demagnetization field which depends on the dimension of the 
sample and its orientation with respect to In our samples 
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^demag typically 1 Oe for the longitudinal case and 400 Oe for 

the transverse one, so one has to apply larger field for the 

transverse case (as ). Lpjp, in magnitude, is 

always larger than hp^^/p. At higher fields, both of them decrease 

very slowly but linearly with field above saturation. This 

negative magnetoresistance observed after saturation can be 

explained in terms of both the localized and the band models. In 

the localized model, this effect, i.e., the negative 

magnetoresitance is due to less electron-magnon scattering as 

magnons are quenched at higher fields. But in the band model, it 

is related to the slow increase of magnetization above saturation. 

This behaviour must be contrasted with the Lorentz force 

magnetoresistance which is positive for both longitudinal and 

2 

transverse orientations with p^ > P|| . It varies as H and is 
sizable only for pure metals or dilute alloys at low temperatures 
and high magnetic fields. 

The ferromagnetic anisotropy of resistivity (FAR) is 
plotted against temperature for x = 0, 6, and 12 in Fig. 3.8(a). 
The FAR is found to be positive and its value decreases with 
increasing temperature but at low temperatures (<200 K) the 
decrease is very slow. This is also clear from Figs. 3. 5-3. 7 where 
we find that the curves for (T S: 220 K) are well separated from 
each other, resulting in a faster decrease of the FAR with 
increasing temperature. The slow decrease of FAR with increasing 
temperature at low temperatures is due to the fact that, in this 
range of temperature, T < ^^73, where the typical Curie 

temperature is 660 K. It has been shown by Smit [11] that P|| > 

P which results in a positive FAR. The ferromagnetic anisotropy 
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of resistivity has its origin in the spin-orbit interaction 
present in a f erromagnet . The expression for FAR [Eq . (1.27)] was 
derived [19] for Ni-based alloys. It has been suggested [51] that 
the same expression would hold good for Fe-rich alloys if « is 
defined as o* = ^ positive FAR implies that a > l, i.e., p^ 

> Pj,. It is due to the presence of holes in both the i-bands in 
these alloys. The temperature dependence of FAR can be explained 
from the above expression. As the temperature increases, thermal 
vibrations, i.e., the number of phonons also increases. The 
phonons compete with the exchange splitting, tends to equalize 
with p^, resulting in a decrease of the value of a and hence of 
the FAR. This justifies the general shape of Fig. 3.8Ca). This 
expression is also used in studying the band structure . According 
to the analysis by Kaul and Rosenberg [18] in Feg^ 

Fe B has holes in both and £i 4 .-bands and is a weak 

80 20 

ferromagnet on the verge of becoming a strong f erromagnet. 
Magnetization results [52] of indicate the 

presence of holes in both the exchange split d-bands . Thus, with 
the addition of Si, no significant change in d-bands occurs. This 
is also evident from our magnetoresistance results. According to 
Eq.(1.27), Ap/p is expected to be large for strong ferromagnets 
and small for weak ferromagnets. A strong ferromagnet has vacant 
states only in d 4 ,-band while a weak ferromagnet has holes and 
electrons in both df and d.t-bands. p^ and P^ have comparable 
values for a weak ferromagnet since vacant states are available 
in both dt" and d 4 ,-bands for a-electrons to make transitions. But 
for a strong ferromagnet, the value of P 4 . greatly exceeds that of 
Pt as s.-d scattering is allowed only for spin-down electrons 
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because there are no vacant i^-states at Fermi level. For 
^®80^20-x^^x’ quite large indicating that these alloys are 
more like a strong ferromagnet. Since and the saturation 
magnetization [53] are found to vary slowly with the Si 
concentration x, one would expect the FAR to be weakly dependent 
on X. Our measured value (0.38%) of FAR at room temperature for x 
= 0 is consistent with the literature values [12,14]. However, we 
find that although the FAR values for x = 6 and 12 are nearly the 
same, they are 30% lower than that for x = 0. The large value of 
the FAR for x=0 may be due to the fact that this particular 
composition is from a different batch of samples. The observation 
that the value of FAR for x = 6 and 12 are the same, is consistent 
with that of Yao et al. [16]. They also observed that the FAR is 
not influenced by replacing B by Si but the addition of P> instead 
of Si, decreases the value of FAR significantly. Kaul and 
Rosenberg [18] have also noticed, from the observed values of FAR 
for Fe 3 (,Ni 2 o_^B^ and that the FAR does not get 
affected by the replacement of B by Si. Naka et al. [14] had also 
observed for F®so’^20-x^x ’ replacement of B by P 
decreases FAR. We have also plotted the spontaneous linear 
magnetostriction coefficient [54] versus T for x = 0 m Fig. 
3.8(a). It roughly follows the FAR versus T graph since the 
origin of the two effects lies in the spin-orbit interaction 


present in a ferromagnet. 

In isotropic crystalline f erromagnets , where 
orientations of spontaneous magnetization are equally probable 
[see Eq. (1.17)], the ratio (p^^^ )~ ■ Here, for all three 
samples, we find that this ratio is sf -0.5. This implies that the 
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domain magnetization is not randomly oriented in these amorphous 
ribbons. Using Eq . (1.31), we find from our data at 10 K that 
6 - 38.4°, 37.3°, and 34.7° for x = 0, 6, and 12, respectively. 
Indeed Mossbauer, scanning electron microscopy and ferromagnetic 
resonance techniques [55] have established for x = 0 that the 
magnetization ^ lies in the plane of the ribbon and the value 
of e ^ 30°. Thus, our analysis indicates that the replacement of 
B by Si does not change this special orientation of i^. 

The high-field slope 1/p dp/dH ( = d(Ap/p) / dH ), found 
by a least-squares-f it program, for all the three samples is 
negative at all temperatures, its magnitude is larger for the 
perpendicular orientation. This is shown in Fig. 3.8(b) for some 
cases. In general, the magnitude of the slope [33] should 
decrease with decreasing temperature since electron-magnon 
scattering could be effectively reduced as magnons are quenched at 
higher fields. Its value is proportional to the high-field 
magnetic susceptibility [12] which decreases with decreasing 
temperature. However, we find here that, although the slope does 
not strongly depend on temperature, its magnitude has a small 
increase to the contrary at lower temperatures. The large slope 
at lower temperatures thus implies the lack of complete alignment 
of spin even at 10 K (T « T^). We do find from our 
dc-magnetization measurements that, for x = 0, the high-field (15 
kOe) susceptibility is as high 1.12 x 10 ^ cm^/g at 10 K and not 
too different from 1.15 x lO"^ cm^/g at 180 K. This observation of 
increasing magnitude of slope with decreasing temperature is 
rather common in Fe-^based alloys having Invar properties [2] . 
However, Fig. 3.8(b) shows that the addition of Si suppresses this 



77 


effect since the iD&2nitude of the slope does not decrease 
significantly at higher temperatures. 

The raw R(T) data for the x = 6 alloy at constant fields 
of 2, 7, and 14 kOe are plotted in Fig. 3.9. We observe that the 
resistance decreases with increasing magnetic field for external 
fields above technical saturation. This is in agreement with the 
negative slope observed in Fig. 3.8(b) at all temperatures. It 
must be emphasized here that the data at lower fields are affected 
by the FAR due to the domain structure and, hence, must be avoided 
in the analysis of magnetic scattering. The effect of the 
magnetic field on R is very small, a field difference of 10 kOe 
changes R by 0.02% only. So, in Fig. 3.9 the curves are shifted 
along the R-axis so that the difference between them shows up. In 
the inset of Fig. 3.9, the difference R(T, 14 kOe) - R(T, 7 kOe) 
has been plotted against temperature. 

The r(T) data at constant magnetic fields of 2, 7, and 
14 kOe were analyzed in a manner similar to the zero-field case 
using the same least-squares-f it program. We find that the data 
fits equally well (x^ 10 to Eqs . (1.7) and (1.8) even in the 
presence of external magnetic fields. This proves that the 
temperature dependence of the resistivity is still described by 
the same equations. However, the coefficients for the magnetic 
terms show some field dependence only at low temperatures, as is 
evident from Table 3.2. The inset of Fig. 3.9 also shows that the 
difference between the data (say, 14 kOe and 7 kOe) initially 
decreases with increasing temperature and then remains more or 
less constant at higher temperatures. This could be qualitatively 
understood as follows: The incoherent electron-magnon scattering 




lemperature dependence of electrical resistance R<T) at constant 
external magnetic fields of 2, 7, and 14 kOe for x = 6 The 
curves are shifted along the R axis for clarity. The inset 'shows 
AR - R (T, 14 kOe)-R(T, 7 kOe) versus temperature. 
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Table 3. 2 


Magnetic field dependence of the coefficients of the magnetic 

terms [Eqs. (1.7b) and (1.8b)] in ^®80^20-x^^x ~ 

12) amorphous f erromagnets . 


X 

(at.%) 

Range of fit : 35 

10® a3/2(K-®/2) 

-85 K 

Range of fit 
10® « 

: 200- 
-3/2^ 

-300 K 


H(kOe) 2 

7 

14 

H(kOe) 2 

7 

14 

0(L) 

3.4 

3.3 

3.2 

3.8 

3.9 

4.0 

0(T) 

2.1 

2.1 

2.0 

4.8 

4.8 

4.8 

6(L) 

4.0 

3.9 

3.8 

5.2 

5.3 

5.3 

6(T) 

- 

4.9 

4.8 

- 

5.8 

5.8 

12(L) 

4.5 

4.5 

4.3 


— 

— 


L : ? II 


T : ? j_ i? 
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3 /2 

term, giving dependence, should be smaller at higher 

fields because of the quenching of magnons resulting in less 

electron-magnon scattering. This implies that '^ 2/2 should 

decrease with field as is observed at lower temperatures (35-85 

K). At higher temperatures (200 - 300 K), the other term 
3 /2 

-o( 2 / 2 (H)T [ see discussion after Eq . (1.6) ] will not decrease 

that much at higher magnetic fields since the magnetic moment 
itself increases with field. Thus, the resultant coefficient '^^/Z 
may not change with field. This does not happen at lower 

temperatures because the change of magnetic moment is much less 
for T « Tj^. 


3.3 Low-Temperature Magnetization 

The plots of magnetization (M) as a function of applied 
magnetic field (H) up to 16 kOe at room temperature and at the 
lowest temperature ( 19 K ) for samples x = 0, 6, and 12 are shown 
in Fig. 3. 10. The high-field susceptibility ( at 15 kOe ) of 
FeonBon is much larger than those containing silicon at both room 
temperature and 18 K. It is known that the susceptibility of 
alloys showing Invar effects are large. This indicates that the 
complete alignment of spins do not take place even at 19 K. This 
behaviour is also reflected in the magnetoresistance of this 
sample where the magnitude of the high-field slope (1/P dp/dH) at 
10 K is larger than that at room temperature. But with the 
addition of Si in place of B, the susceptibility decreases, 
becoming nearly zero in the whole range of temperature between 300 
and 19 K ( within the experimental resolution). This result 



emu 



H ( kOe ) 


Fig. 3.10 Magnetization n versus external magnetic field H at room 
temperature and at 19 K for ®'®3o^20-x^^x ^ ^ ~ 

12 ) alloys. 
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however does not correlate with the magnetoresistance data. The 
magnitude of the high-field slope, as a function of Si 
concentration, shows an increase at both 300 and 18 K, rather than 
the expected decrease. The high-field linear extrapolation of M to 
zero field for all the three samples does not show any variation 
with the Si content. The magnetic moment per Fe atom at 19 K is 
calculated from the value of M at 6 kOe. The value of 1.95 /Jg, 
thus obtained, is in agreement with those reported in the 
literature [56]. However, it is smaller than that of pure Fe in 
crystalline form ( 2.2 /Jg ). This reduction is understood on the 
basis of the charge-transfer model ( rigid-band model ). In this 
model it is assumed that the metalloid atoms contribute some of 
their s.- and p-electrons to fill the i-bands of the transition 
metal. This leads to a decrease in the magnetization of the 
amorphous metal with increasing metalloid content. 

The magnetization, as a function of temperature in an 
external field of 6 kOe is shown in Fig. 3.11 and is taken with 
the cryotip switched off for eliminating the noise generated by 
the movement of the piston in the expansion engine of the cryotip 
while it is on. In this condition the heating rate, though very 
rapid initially, stabilizes to about 1 K/min at higher 
temperatures. This ensures near equilibrium condition. A positive 
pressure of helium exchange gas is maintained in the sample zone 
and the platinum resistance thermometer almost touches the sample 
ensuring that the temperature measured and the sample temperature 
are nearly the same. The T^, obtained from high-temperature 
magnetization studies, is in the range of 660 K. In amorphous 
materials, it is observed that the region in temperature where the 



H = 6kOe 
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spin-wave picture holds good extends to temperatures beyond 0.4 

Here we have analyzed the data between 19 and 200 K, though 

the first few data points are left out. We have fitted the data to 

5/2 

Eq . (1.36) in two ways, once by including the T term and the 

3/2 

other by excluding it (i.e., including only the T term). The 
function Z[3/2, T /T] and Z[5/2, T /T] are calculated by using 

o o 

Eqs. (1.37) and (1.38). The gap temperature T^ = g|UgH/kg is about 

1.8 K. The data fits well in the second case till 0.4 T^^ in all 

three samples with a x value consistent with the experimental 

-5 -3/2 

resolution. The coefficient ft, thus obtained (2.5 x 10 K ), 

-5 -3/2 

is in agreement with the value (2.6 x 10 K ) for 
magnetization measurements [57] . On substitution of B by Si, the 
value of ft hardly shows any change. In the first case, when 
the term is also included in the fit, its coefficient r is of 

random sign and the x values do not show any significant 
improvement, thereby suggesting that the additional terms cannot 
be meaningfully incorporated. Thus the higher order terms, 
viz., T^, , t'^, etc., normally arising due to single 

particle excitations, additional terms in the dispersion relation, 
temperature dependence of the spin— wave stiffness constant etc., 
could not be considered here. The data are not accurate enough to 
resolve these terms, whose coefficients are generally about 1000 
times smaller than that of the dominant T^^^ term [32]. This 
result is in contrast to those obtained in Fe-B-C system where a 
change of about 30% occurs in the value of ft between F®80^20 
Fe B C„ [32]. Thus, the effect of replacing B by Si is 
negligible as compared to B by C. The value of ft remains almost 
thft same and since M at 19 K also shows no significant change, the 
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valu6 of D obtained ( assuming that the density does not vary 
significantly with the addition of Si ) also does not show any 
measurable change (Table 3.3). The value of D = 84 meV t? is in 
agreement with the reported value (83 meV A^) in [57]. 


Table 3.3 

Comparison of o'( 19 K), ft, D, and p in Fe^nBon Si 

oU ZU“X X 

(x = 0, 6, and 12) amorphous f erromagnets . 


X 

( at . % ) 

c^(19 K) 

(emu/g) 

-ft 

(lO'^K"^"^^) 

D 

(meV A^) 

(AJg) 

0 

195.5 

2.50 

83.5 

1.95 



(2. 6^,1. 9*^) 

oo 

CO 

CO 

CO 

o 

(1.94)^ 

6 

183.3 

2.44 

88.2 

1.83 

12 

189.0 

2.48 

85.5 

. 1.89 


^Reference 57, ^Reference 56, and '^Reference 32 


The calculated D values are nearly half of that obtained 
from neutron scattering measurements [58]. It is observed that 
there is a discrepancy in the value of the spin-wave stiffness 
constant D, obtained from magnetization/Mossbauer and neutron 
scattering measurements. The discrepancy is large in 
alloys (x = 14 and 20). This is explained in terms of the Invar 
effects observed in these alloys [59] . The value of D is also 
known to be a function of T^,. D decreases as T^^ goes down. In 
these alloys the value of T^ shows only a small increase and 
therefore does not significantly affect D. 

From the above observations, we see that the addition of 
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Si in place of B does not change the magnetic properties ( within 

the experimental error ). This is in contrast to that expected 

from a charge-transfer model. Carbon and silicon have similar 

outer electron configuration, and so should have similar effects 

on the magnetic properties. That the charge-transfer model does 

not satisfactorily explain the effect of addition of metalloids to 

transition metals is also in evidence from M6ssbauer experiments. 

The data of Wagner et al. [60] on ^~^®Q0^y®20-y ^ 

P ) show that replacement of B by C causes a slight increase in 

the average hyperfine field distribution < ^^yp whereas 

according to the rigid-band model it should have decreased. 

Similarly, with the substitution of B by Si or Ge, < ^hyp ^ 

expected to decrease, but the experimental evidence is in 

contradiction to it. We also observe a similar increase in 

< H,. > in the alloys with Si. However, the substitution of B by 

hyp 

P causes a decrease. This shows that the charge-transfer model 
does not explain the results completely. It is suggested that the 
size of the metalloids could play a role. 

3.4 High-Tenqaerature Magnetization 

Figs. 3.12 - 3.14 show the low-field magnetization M (in 

arbitrary units) as a function of temperature T for ^®0o®2O-x^^x 
(X = 0, 1, 2, 4, 6, and 12) alloys. The following observations can 
be made from these plots. The first fall corresponds to the 
transition from an amorphous ferromagnetic (a^) to an amorphous 
paramagnetic (a ) state. This temperature is identified as the 
Curie temperature (T^,) of the glassy phase. Secondly, on further 
increase of temperature each sample exhibits a rapid increase in M 
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At 683 K, ap (Feg^B^g) -> C^(a-Fe) + C^CFegB) 

At 800 K, (a-Fe) + C^CFe^B) -* C^(a-Fe) + CpCFegB) 
Thus we find that the crystallization of FeggB 2 Q is taking place 
in a single step. 

The continuous curves of Fig. 3.13 and 3.14 show the 
same kind of crystallization sequence for x = 1 and x = 2. Their 
final crystalline phases are also oi-Fe and Fe^B. It can be seen 
quite clearly that even an addition of Si by only two atomic % 
increases the crystallization temperature from 683 K (x = 0) to 


715 K (x 

= 2). Apart from this, the Curie 

temperature T^ 

also 

increases 

by == 6 K. For FeggB 2 gj Fe and 

B 

are present in 

the 

ratio 4 : 

1, this ratio is very close to 

3 

: 1 and hence 

the 

crystallization occurs in a single step. 

The 

same is true 

for 

CD 

CO 

0 

Cd 

h-^ 

CD 

CO 

1 ^®80®18^^2' 





The dashed curve of Fig. 

3. 

12 represents 

the 


magnetization of x = 4. The first fall (680 K) corresponds to the 
transition from an amorphous ferromagnetic (a^) to an amorphous 
paramagnetic (a^) state. At 718 K, the moment starts rising 
slowly but at 775 K, there is an unexpected rise in the moment. 
Such a rise in the moment could not be due to a-Fe precipitation 
only. The moment of Fe^B phase, on the other hand, can not be so 
large near its Curie temperature of 800 K [26]. However, this is 
possible if there appears other crystalline phases having high 
enough T^^, e.g., Fe^B decomposing into Fe 2 B and a-Fe. Thus, most 
probably, this sharp rise in the moment indicates that at 775 K, 
Fe^B has crystallized as well as has decomposed into a-Fe and Fe 2 B 
in their ferromagnetic states. After 800 K, the moment more or 
less remains constant. The transition of a-Fe and ^^ 2 ^ 
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ferromagnetic phases to paramagnetic phases could not be observed 
as our experiment had to be terminated at 960 K and the of a-Fe 
is 1043 K and that of Fe 2 B is 1015 K [26]. While cooling we do 
not see any step as the two equilibrium phases, a-Fe and Fe 2 B, 
have their T^'s above 1000 K. The crystallzation sequence of 
^®80^16^^4 schematically represented as : 

At 676 K, a^ (Feg^B^gSi^) (Feg^B^gSi^) 

At 718 K, ap (FeggB^gSi^) C^C a-Fe) + ap(rest) 

At 775 K, ap(rest) ^ Cj(a-Fe) + CjCFe^B) 

and 

C^CFegB) -> Cj(Fe 2 B) + C^(a-Fe) 

In this metallic glass ( x = 4), Fe and B are present in 
the ratio 5 : 1, hence a-Fe precipitates first until this ratio 
becomes 3 : 1 and then only the Fe^B phase starts crystallizing. 

Similarly, the dashed curves of Fig. 3.13 and 3.14 show 
the magnetization for x = 6 and x = 12. For x = 12, the two-step 
crystallization is more prominent as it can be seen clearly from 
the magnetization curve. Around 800 K, there is a sudden rise in 
the value of the magnetic moment. This can be similarly explained 
in terms of simultaneous crystallization and decomposition of Fe^B 
as in the case of x = 4 alloy. For x = 4, 6, 8, and 12, the 
crystallization takes place in two steps. The T^, as well as T^, 
are plotted in Fig. 3.15(a) and 3.15(b) as a function of Si 
concentration. It has been observed that T^ increases with the 
addition of Si. Mitera et al. [53] have observed the increase of 
Tg with the addition of Si in the ^®0g®2O-x^^x value 

of Tg reported by them are 675 K and 700 K for x - 0 and x =12 
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respectively. These values are different from 


those of ours by 

15-20 K. This difference could be due to two reasons. One is 
from the different heating rates used in the 'two measurem*. nt . 
The second is that the different methods for determinirjg T^-, 
give slightly different results. It has also been observed frum 
the above figure that the addition of Si increases th( 
crystallization temperature T from 683 K (x = 0) to 730 K {X 
12). It implies that the thermal stability of the system ha:, 
increased. Luborsky et al. [61] had also observed an increase “f 
the thermal stability on replacement of B by Si in Fe-B-Si system 
while for ■ 0 to 10) alloys, Arajs [62] found tfiat 

the thermal stability decreases with increasing C. Lubrosky et al. 
[63] also reported that for Fe content above 84%, increases as 

B is replaced by C but for low Fe content, T first increases and 

Jv 

then it decreases as B is replaced by C while in Fe-B-Si system 
increases as B is replaced by Si. 

Finally it is concluded that the addition of Si to 

^®80®20 crystallization to occur in two steps and even 

helps the metastable Fe^B phase to decompose into the stable Fe 
and Fe 2 B phases. 

X-ray Diffraction Studies 

The X-ray analysis of FegQB 2 Q_jj,Si^ (0 ^ x < i2) samples 
[Fig. 3.16], after thermomagnet ic studies, shows a number of lines 
whose d-spacings are given in Table 3.4 as dobs* Al^'o. the 
characteristic lines of ot-Fe, tetragonal( t )-Fe„B , and t -Fe B sre 
given as d^^^ [64]. In Table 3.4, is the relative iritenr-ity 

nf thp oeak observed with respect to the maximum intensity peak. 



Intensity (arb. units) 
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Table 3.4 


X-ray analysis of Fe 0 Q 

®20-x^^x 

( X = 0, 1 

, 2 , 4, 6 , 

and 8 ) after 

high-temperature magirfetisat 

ion studies 

• 

x(at.%) Phase 

d . 


I , 

T 


obs 

°std 

■^obs 

std 

a-Fe 

2.027 

2.027 

100 

100 

1.432 

1.433 

13 

20 


N.P. 

2.01 

— 

100 


N.P. 

2.12 

- 

25 

0 ^^2 

N.P. 

1.63 

- 

18 


N.P. 

1.20 


20 


2.087 

2.088 

17 

100 


N.P. 

2.028 

- 

100 

Fe.,B 

1.93 

1.93 

9 

80 


1.88 

1.88 

12 

100 


1.69 

1.69 

10 

60 

a-Fe 

2.027 

2.027 

100 

100 

1.433 

1.433 

16 

20 

1 





FegB 

2.088 

2.088 

20 

100 

2 

2.027 

1.433 

2.027 

1.433 

100 

15 

100 

20 

a-Fe 

2.027 

1.432 

2.027 

1.433 

100 

19 

100 

20 

4 FejB 

2.01 

2.01 

34 

100 

a-Fe 

2.020 

2.027 

100 

100 

1.430 

1.433 

17 

20 

® FajB 

2.01 

2.01 

69 

100 

a-Fe 

2.027 

2.027 

100 

100 

1.431 

1.433 

18 

20 

® Fe^B 

2.01 

2.01 

70 

100 


^Reference 64. 


N.P = Not Present 
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It is found from a comparison between d , and d that for 
X “ 0 I# the final crystalline phases are o(— Fg gs well as 
t'FegB. But, for x - 2, no t— FegB lines have been observed while 
the thermomagnetic study for this sample has shown the presence of 
the t-FegB phase. This difference could be due Ho the fact that 
the FegB phase has been formed in small amounts and hence, was not 
detectable by X-ray diffraction studies. For x = 4, 6, and 8, 
lines of a-Fe as well as FCgB are observed. Thus the 
crystallization scheme, which was proposed for the whole series on 
the basis of high temperature magnetization studies, is confirmed 
by the X-ray results of the crystallized samples. 

3. 5 Mdssbauer Spectroscopy 

In the following we present the results of Mdssbauer 
spectra for F®b0®20-x^^x ~ recorded at room 
temperature using a constant acceleration Mdssbauer spectrometer 
described in Sec. 2.3. These Mdssbauer spectra were analyzed with 
the help of a computer program using Lorentzian shapes for the 
peaks. The Mdssbauer spectra, observed by us for the as-prepared 
(i.e., as-received) samples, exhibit well-defined but broadened 
six-line patterns as shown in Fig. 3.17. Such broadened spectral 
lines are characteristic of amorphous magnetic solids. The broad 
nature of these lines is due to the large number of structurally 
inequivalent Fe-sites in the disordered atomic arrangements of 
these solids [65-67] . It is now well-known that unique hyperf ine 
interaction is observed in crystalline solids while a distribution 
of hyperf ine interactions are observed in amorphous alloys. 

Mdssbauer parameters, obtained by computer analysis, for 
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the as-received samples (x = 0, 2, and 8) are listed 

in Table 3.5. 

Table 3.5 


Mossbauer parameters, obtained from 
as-received ^®0o®2O-x^^x 


computer analysis, for the 
and 8) amorphous ferromagnets . 


x 

(at.%) 

H (kOe) 

(a) 

IS (mms ^) 

(b) 

r(FWHM)(mms ^) 

(c) 

0 

253 

0.07 

0.92 

2 

255 

0.09 

0.94 

8 

258 

0.16 

0.86 


57 

(a) H : Internal magnetic field at Fe nucleus, typical 

error is ± 3 kOe . 


(b) IS : Isomer shift w.r.t. a-Fe, typical error is ± 0.01 

mms ^ . 

(c) r(FWHH) : Width of the spectral line, typical error is ± 0.01 

mms ^ . 


The dependence of the isomer shift on silicon concentration (x) is 

shown in Fig. 3.18(a). The present results indicate that the 

isomer shift (IS) increases linearly with increasing silicon 

concentration (x). According to Walker [68j, the IS increases 

57 

with increasing 3d. and decreasing 4s.-electron numbers for the Fe 
atoms (in the absorber) in Mossbauer spectroscopy. In the present 
case the replacement of B by Si, i.e., the addition of Si to 

Fe B for x = 2 and x = 8 samples, causes more electrons to fill 

80 20 

the 3d-holes of Fe through the hybridization of the 3d-orbitals of 








101 


Fe with s.-and E.-orbitals of the metalloid Si and these surplus 
3d-electrons , in turn, shield more 4s.-electrons thereby reducing 
the electron density at the nucleus. The linear dependence of IS 
on Si concentration is in agreement with the results of Taniwaki 
and Maeda [69] on Fe-B-Si alloys. 

The dependence of the internal magnetic field H on x 
(silicon concentration) is plotted in Fig. 3.18 (b). It is seen 
that the observed value is H = 253 ± 3 kOe for x = 0 and with the 


addition of Si, it increases slightly to H = 258 t 3 kOe for x = 
8. Such a slight increase of H with x agrees with the 
observations reported by Gonser et al. [70]. These authors 
proposed that the slight increase in H with increasing silicon is 
caused by the strain caused during the replacement of a small 
metalloid atom by a large metalloid atom in an interstitial site. 
Similar behaviour of H was observed by Taniwaki and Maeda [69] for 


^® 80 ® 20 -x^^ 


X 


X » O 


In order to study the kinetics of crystallization in the 


FConBon Si system, the as-received samples for x 0 were 
heated at various temperatures for different time periods as shown 
below where the time period of heating is shown in parenthesis : 
300°C (1 hr), 300°C (2 hr), 350°C (1 hr), 350°C (2 hr), 400°C 
(1 hr), and 400°C (4 hr). M6ssbauer spectra of such heat-treated 
samples were recorded at room temperature. These spectra have 
been analyzed and their Mossbauer parameters are listed^ xn Table 
3.6 The spectra for the sample heated below 400 C are shown in 
Fi't 3.19 and they typically consist of six broad lines (typical 
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Table 3.6 


Mossbauer 

parameters , 

sample 

obtained from 

after various 

computer analysis, 

heat treatments. 

for X = 0 

Annealing 

Annealing 


IS 

H 

r 

Remark 

Temp (°C) 

durationC hr ) 

(mms ^) (kOe) 

(mms ^ 

) 




(a) 

(b) 

(c) 


300 

1 


0.08 

256 

0.92 

amorphous 

300 

2 


0.07 

258 

0.92 

amorphous 

350 

1 


0.08 

259 

0.94 

amorphous 

350 

2 


0.08 

260 

1.0 

amorphous 

400 

1 

i) 

0.00 

333 

0.28 

a-Fe 



ii) 

0.07 

290 

0.38 ' 




iii) 

0.11 

268 

0.46 

^ t-Fe^B 



iv) 

0.07 

224 

0.50 j 


400 

4 

i) 

0.00 

333 

0.28 

a-Fe 



ii) 

0.10 

287 

0.42 ' 




iii) 

0.12 

266 

0.44 

’• t—Fe^B 



iv) 

0.07 

224 

0.50 



(a), (b), and (c) -♦ as in Table 3.5 
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linewidths being 0.9 - 1.0 The x = 0, sample 

heat-treated at 400°C, shows a dramatic change in the nature of 

the Mossbauer spectrum indicating the familiar transformation from 

the amorphous phase to the crystalline phase. These two spectra, 

[400°C (1 hr) and 400°C (4 hr)] for the x = 0 sample, were fitted 

into four subspectra [Fig. 3.20] and the resulting parameters are 

shown in Table 3.6. These results indicate that for the x = 0 

sample, heat-treated at 400°C (for 1 hr and 4 hr), the Mossbauer 

spectra are characterized by hyperfine fields in four different 

ranges : 333 kOe (first range), 287-290 kOe (second range) , 

266-268 kOe (third range) and 224 kOe (fourth range). The first 

57 

range is associated with the Fe probes in a bcc a-Fe-like 
environment. We propose that the last three ranges are associated 
with the t-Fe^B phase in agreement with the observations of Caer 
and Dubois [71]. It may be pointed out that, in their Mossbauer 
study of the crystallization of FeggB 2 Q amorphous alloys, Sanchez 
et al . [72] found evidence for a mixture of tetragonal and 
orthorhombic Fe^B (t-Fe^B and o-Fe^B) for samples annealed at 
800°C. However, in our case the X-ray diffraction studies of the 
samples revealed [see Table 3.7, Fig. 3.21] the presence of only 
a-Fe and t-Fe^B, and there was no indication of o-FegB. Our 
Mossbauer analysis shows three distinct hyperfine fields 
attributable to the Fe^B phase, thus indicating at least three 
magnetically inequivalent sites in the crystalline Fe^B. It is 
known that in the magnetically ordered state, the number of 
magnetically inequivalent sites could potentially be greater than 
(although often equal to) the number of crystallographically 
inequivalent sites [26]. It is further known that in the 
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Table 3.7 

X-ray analysis of crystallized ^®0o®2O-x^^x^ x = 0, 2, and 

8 ) alloys after Mossbauer measurements. 


X 

(at.%) 

Phase 

"^obs 

std 

^obs 

^std 


CK-Pe 

2.027 

2.027 

100 

100 



1.43 

1.433 

12 

20 

0 







FegB 

2.088 

2.088 

70 

100 



1.93 

1.93 

30 

80 



1.88 

1.88 

40 

100 



1.69 

1.69 

20 

60 


ot-Fe 

2.027 

2.027 

100 

100 



1.431 

1.433 

19 

20 

2 







FegB 

2.15 

2.15 

7 

20 



2.089 

2.088 

70 

100 



1.93 

1.93 

30 

80 



1.88 

1.88 

50 

100 



1.69 

1.69 

24 

60 


a-Fe 

2.027 

2.027 

100 

100 



1.431 

1.433 

19 

20 

8 







FegB 

N.P. 

— 




Fe.,B 

2.01 

2.01 

30 

100 



1.63 

1.63 

15 

18 


^Reference 64, 


N.P : Not Present 



Intensity (orb, units) 



20 (degrees) 


Fig. 3-21 X-ray diffraction pattern at room 

temperature, of Fe 0 o® 2 O-x^^x' ^ 

annealed at 400°C C4 hr), x = 2 at 475 C 
(4 hr), and X ^ 8 at 525°C (4 hr) after 
Mdssbauer measurements. 
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orthorhombic structure, there are two crystallographically 
inequivalent Fe sites with an Fe ratio 2:1 while in the tetragonal 
structure there are three crystallographically inequivalent sites 
with a site ratio of 1:1 [26]. 

As pointed out by Chien et al. [26], from their studies 
of the magnetic properties of amorphous Fe (72 < x ^ 86 ) 

and crystalline fe^B, the possible magnetic phases that can 
precipitate from the system Feg^B^g after crystallization are 
FeB, Fe 2 B, Be^B and a-Fe. Out of these, the crystalline phase of 
FeB never occurs after crystallization of amorphous ^^ 30^20 [25] . 

In our case, the x = 0 sample, heat-treated at 400°C indicates the 
presence of a-Fe and t-Fe^B while the presence of Fe^B or o-Fe^B 
are not supported by the analysis of our X-ray diffraction, 
thermomagnet ic study, and M5ssbauer spectra. The precipitated Fe^B 
is not a stable phase but it is a metastable one [22,28] which can 
decompose at higher temperatures. The possible decomposition of 
Fe^B into Fe 2 B and a-Fe can occur only at temperatures much above 
400°C and hence it was not observed by us. In the high-temperature 
magnetization study, the sample with x = 0 was heated up to 700°C 
but we did not observe the decomposition of Fe^B into ot-Fe and 
Fe,B. In this respect our results are in agreement with those 
observed by Chien et al. [26], S^inchez et al [72] and Schaafsma 
[24]. It may further be added that our results indicate that the 
intensities of a-Fe and Fe^B to be 24% and 76% in the spectrum of 
400°C C 4 hr) sample. 


The sample of FeggB 2 o_j,Si^ (x = 2) was studied by 
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Mossbauer spectroscopy and X-ray diffraction techniques. This 
X = 2 sample was heat-treated at 300°C (1 hr), 300°C (2 hr), 350°C 
(1 hr), 350°C (2 hr), 400°C (1 hr), 400°C (2 hr), 475°C (1 

hr), and 475°C (4 hr). The Mossbauer spectra of these, recorded 
at room temperature, are shown in Fig. 3.22 while the 
computer-fitted spectra are shown in Fig. 3.23 for the 475°C 
(1 hr) and 475°C (4hr) sample. The Mossbauer parameters, obtained 
from computer analysis, are given in Table 3.8. An immediate 
observation, made from Table 3.6, is that compared to the x = 0 

sample, the crystallization starts at a higher (475*^0 
temperature. This result suggests that the thermal stability of 
FeggB^gSi 2 increases with the addition of Si. An analysis of the 
Mossbauer spectra shows that a-Fe and Fe^B phases crystallize in 
the sample heat-treated at 475°C (1 hr) and 475°C (4 hr) with 

three distinct hyperfine fields for the Fe^B phases. The values 
of the internal magnetic field, obtained for the Fe^B phase for 
the X = 2 sample, support the assignment of the tetragonal 

(t-Fe^B) phase (Table 3.8). This conclusion is confirmed by the 
X-ray diffraction studies (Table 3.7 and Fig. 3.21). The relative 
intensities of the a-Fe and t-Fe^B phases, observed by us for the 
X = 2 sample, are 20% and 80% respectively and thus these 
intensities do not show much change from the values observed for 
the X = 0 sample. 

X ■ 8 

The sample of ^®0O®12^^8 ~ given heat- 

treatment at the following temperatures 300°C (1 hr), 300°C (2 

hr), 350°C (1 hr), 350°C (2 hr), 400°C (1 hr), 400°C (2 hr), 475°C 




X>!SU9)U| 9A!P|a^ 


Fig. 3.22 Mossbauer spectra recorded at room temperature 
^®80^18^^2' heat-treated at : (a) 300°C (1 hr) 

300 C (2 hr) (c) 350°C (1 hr) (d) 350°C (2 hr) 

400°C (1 hr) (f) 400°C (2 hr). 




112 


Table 3.8 


Mossbauer 

parameters , 

sample 

obtained from 

after various 

computer analysis, 

heat treatments. 

for X = 2 

Annealing 
Temp (°C) 

Annealing 

durationC hr ) 

IS 

(mms 

(a) 

H 

) (kOe) 
(b) 

r 

(mms ^ 
(c) 

Remark 

■) 

300 

1 


0.10 

256 

0.92 

amorphous 

300 

2 


0.07 

258 

0.92 

amorphous 

350 

1 


0.09 

259 

0.90 

amorphous 

350 

2 


0.07 

258 

0.92 

amorphous 

400 

1 


0.06 

260 

0.96 

amorphous 

400 

2 


0.07 

260 

1.00 

amorphous 

475 

1 

i) 

0.02 

332 

0.33 

ot-Fe 



ii) 

0.07 

296 

0.52 ' 




iii) 

0.13 

271 

0.42 

^ t—Fe^B 



iv) 

0.08 

225 

0.62 

J 


475 

4 

i) 

0.00 

333 

0.34 

cx-Fe 



ii) 

0.06 

297 

0.46 ' 




iii) 

0.12 

271 

0.38 

^ t-Fe^B 



iv) 

0.08 

227 

0.60 

1 


(a), (b), and (c) as in Table 3.5 
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(1 hr), 475°C (2 hr), 525°C (1 hr), and 525°C (4 hr). M^ssbauer 
spectra for these, recorded at room temperature, are shown in Fig. 
3.24 and 3.25 while their Mossbauer parameters, obtained by- 
computer analysis, are given in Table 3.9. In the case of the x - 
2 sample, the crystallization of FegQB^gSi 2 was complete at 475°C. 
It is evident also from the high-temperature magnetization study 
for X = 2 that the crystallization starts at about 442°C. 

However, the Mossbauer spectra for the x = 8 sample, heat-treated 
at 475°C for 1 hr, does not show any clear precipitation (Fig. 


3.25). The peaks for the ot-Fe phase appear to overlap with those 
due to the amorphous phase while another new phase appears to 
precipitate. The computer analysis of the sample (x = 8), 
heat-treated at 475°C for 4 hr, when fitted into two subspectra, 
yielded two values of the internal magnetic field i) H ^ 316 kOe 
and ii) H ^ 240 kOe (Table 3.9). This computer analysis was 
complicated due to the partial crystallization which left some 
material still in the amorphous phase and made the fit rather 
difficult. The observed value of H 316 kOe is assigned to a-Fe 
and it is lower than the standard value of H 330 kOe for a-Fe 


because of the presence of the amorphous phase in small amount. 
The other subspectra observed by us yielded H 240 kOe and IS 
0.15 mms~^ and we ascribe it to ^ 62 ^, based on the findings of 
Tak^cs et al . [73] who observed the Mcissbauer spectra from 


crystalline Fe 2 B and have obtained an average value of H 
kOe and IS = 0.12 mms”^. Actually, Tak^cs et al. [73] 


= 236.9 

observed 


two subspectra corre 


spending to the two iron sites in Fe 2 B whose 


H-values were very close, i.e. 
we could not resolve these two 


at 242 and 231.7 kOe. In our case 
sites, most probably because of the 
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Fig. 3.25 Mossbauer spectra recorded at room temperature 

^®80®12^^8’ heat-treated at ; (a) 400°C (1 hr) (b) 400 
(2 hr) (c) 475°C (1 hr) (d) 475°C (4 hr). 
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Table 3.9 


Mbssbauer parameters, obtained from computer analysis, for x 

sample after various heat treatments. 


= 8 


Annealing 

Annealing 

IS 

H 

r 

Remark 

Temp (°C) 

duration(hr) (mms 

(kOe) 

( mms ^ ) 



(a) 

(b) 

(c) 


300 

1 

0.13 

261 

0.93 

amorphous 

300 

2 

0.11 

263 

0.90 

amorphous 

350 

1 

0.09 

262 

0.88 

amorphous 

350 

2 

0.10 

262 

0.88 

amorphous 

400 

1 

0.07 

263 

0.94 

amorphous 

400 

2 

0.08 

264 

1.02 

amorphous 

475 

1 

i) 0.05 

316 

0.66 

partially 




crystallised, 
a-Fe overlapped 








with amorphous 
phase 



ii) 0.15 

241 

0.40 

Fa^B 




317 

0.68 

partially 

475 

4 

i) 0.05 

crystallised , 
a-Fe overlapped 








with amorphous 
phase 



ii) 0.15 

240 

0.40 

FejB 



Model A 


0.66 

0.38 

a-Fe 

Ea2B 

525 

1 

i) 0.06 
ii) 0.14 

315 

238 


525 


Model B 

i ) 0 . 06 322 

ii) 0.05 295 

i ii ) 0 . 14 237 

Model A 

i) 0.04 314 

ii) 0.14 239 

Model B 

i) 0.01 327 

ii ) 0 . 05 309 

iii) 0.10 281 

iv ) 0 . 15 238 


0.48 

0.74 

0.42 

0.66 

0.38 

0.30 

0.42 

0.40 

0.42 


o»-Fe 

FeSi 

a-Fe 

FejB 

cx-Fe 

FeSi 

Fe^B 


(a), (b), and (a) - as In Tabla 3.5 
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presence of the amorphous phase. It is also observed from our 
high-temperature magnetization studies that the crystallized 
phases are a-Fe and 

In order to study the crystallization of Feo^B,„Sio in 

oU o 

more detail we have heat-treated the x = 8 sample at 525°C for 1 
hr and 4 hr respectively. The Mossbauer spectra of these two were 
recorded at room temperature and they are shown in Figs. 3.26 and 
3.27 in the as-recorded form as well as in the form obtained by 
computer fitting. In the case of these sample the computer 
analysis was carried out in the following two ways : 

i) Model A : In this model it was assumed that there are two 
subspectra arising out of a-Fe and ^^ 2 ^ phases. 

ii) Model B : In this model it was assumed that there are more 
than two subspectra arising out of a-Fe, ^62® Fe-Si alloy 
system . 

The Mossbauer parameters, obtained from such a computer 
analysis, are shown in Table 3.9. The use of model B was felt 
necessary because some authors have observed Fe-Si alloy phase 
during the crystallization of the heat-treated sample of Fe-B-Si 
system. The crystallization process in the metallic glass 
FCooB-ioSic has been studied with Mossbauer spectroscopy by Nowik 
et al. [74] who found that the final products of crystallization 
occurring above 500°C were a-Fe, Fe2B, and Fe-Si. The a-Fe and 
Fe2B phases showed well-defined magnetic hyperfine fields at two 
sites while the Fe-Si showed a pure quadrupole-split subspectrum. 
The relative abundance of Fe-Si, observed by these authors, was 
about 6%. This could be barely observed by X-ray diffraction. Ok 
and Morrish [20] have studied the amorphous-to-crystalline 







12C 


alloy and 


transformation of Mossbauer spectroscopy. X-ray 

diffraction and density measurements. These authors found that 
the heat treatment of Feg 2 B^ 2 Si 0 led to a transformation involving 
several steps and the final products of the transformation did not 
consist of a-Fe but consisted of Fe-9 at . % Si 
while we observed from the high-temperature magnetization study 
that the crystallization is a two-step process. Similarly Ok et 
al . [30] found that the final products of the crystallization of 

amorphous Fe,,c „Si,„ . were Fe-18.1 at . % Si alloy and re,,B. 

75. 4 14. 2 10.4 2 

Nagarajan et al . [31] studied the crystallization of Fe^gB^^Sig by 
Mossbauer spectroscopy and X-ray diffraction and concluded that 
Fe-15.8 at . % Si and Fe 2 B were the final crystalline products of 
this system. 

The present results (Table 3.9) for the Mossbauer 

parameters for the 525°C (1 hr) and 525°C (4 hr), using model A, 
■show the clear presence of ct-Fe and Fe.^B phases with the observed 
H-value (H = 238 and 239 kOe) agreeing with the value H = 236.9 

kOe reported by Tak^cs et al. [73] for Fe 2 B [Fig. 3.26]. The 
analysis, using model B, suggests the presence of Fe-Si alloy with 
H = 295 kOe occurring at one Fe-Site for the 525°C (1 hr) 

sample and with H = 309 and 281 kOe occurring at two sites for the 
525°C (4 hr) sample [Fig. 3.27]. This assignment of Fe-Si alloy 
phase is based on the results of other authors [20, 30, 31, 75]. 

It is well-known that the hyperfine fields (values of H) in the 

Fe-Si solid solution depend on the nearest-neighbour distributions 
[31, 75]. Thus, for example, ■ the investigation of Fe-6.7 at.% Si 


by Haggstrom et al, [753 


in, H - 333.1, 309.2, and 282.4 


i i ' ' 


kOe for,, the,, 8 ©.-.Fe^lNIf. s.,|t.es Respectively.. 

... .. w . i; A' , A- A i ' , , ,, . 


In 
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order to resolve the choice between models A and B, we examined 
the results for the sample heat-treated at 525°C (4 hr), obtained 
by the X-ray diffraction and high-temperature magnetization 
studies. The X-ray diffraction studies (Table 3.7, Fig. 3.21) did 
not bring out the presence of the Fe-Si phase but this result 
could be due to a rather small amount of precipitation of the 


Fe-Si phase. 

Further, it can be concluded that the addition of Si 
inhibits the formation of the metastable phase Fe 3 B. It is also 
apparent that the addition of Si inoreases the crystallisation 
temperature implying an improvement in the thermal stability. It 
is observed from our MOssbauer studies that x = 0, 2, and 8 

sample, when annealed at various temperatures, show a slight 
increase in the value of H (internal magnetic field). The atomic 
arrangements become more ordered with annealing. This increase of 
atomic ordering can strengthen the long-range exchange 
interactions responsible for the ferromagnetism of these alloys 
[20]. This might explain the slight increase In the value of H. 

In view of these results it is difficult to make a clear 

j T A R n<^ed by us. More experimental 
choice between models A and b useo uy 

studies of the FeggB^^Sig system are necessary to determine 
uhether Ee-Si alloy is precipitated at all and, if so. at what Ee 


NN sites. 



CHAPTER IV 


CONCLUSIONS 

Our quantitative analysis of the electrical resistivity 

data in ^®80®20-x^^x ~ 0-12) f erromagnets shows conclusively 

that the inclusion of a magnetic term at all temperatures improves 
2 

the X -value by an order of magnitude as compared to that when 

only structural terms are considered. If the data are interpreted 

in terms of a magnetic term proportional to T , the coefficients 

of the various terms agree quantitatively with those of Kaul et 

al. [8] in a similar system, viz., ^®8o®20-x^x ~ 0-10) and 

yield realistic Debye temperatures of (330 ± 40)K. However, we 

find that there is a much better fit, for T << if the 

3/2 

magnetic term is taken to be proportional to T , as predicted by 

Richter et al. [4], except for the disturbing fact that the 

resulting 6^ has a wide range of values in this series. A 

possible explanation is offered in term of the applicability of 

the theory of Richter et al. [4] wherein Eq.(1.6) may not satisfy 

the condition T << for T ^ 0^. For T ^ it is difficult to 

3/2 2 

distinguish between the T and T terms, both giving equally 

good fit compared to that without any magnetic contribution. It is 

therefore safe to conclude that the magnetic contribution, at 

3/2 

least at low temperatures (T « is through a T term which 

is theoretically the leading term [4] . 

The temperature dependence of electrical resistivity in 
the presence of a magnetic field is still described by the same 
set of equations as in the zero-field case. However, the 
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coefficient of the magnetic term decreases somewhat with 
increasing field at lower temperatures while remaining constant 
with increasing field at higher temperatures. The 
magnetoresistance measurements up to 16.5 kOe, at several constant 
temperatures (10-300 K), show a positive ferromagnetic anisotropy 
of resistivity in these amorphous f erromagnets , very similar to 
the crystalline case. It has been observed that the FAR is not 
much influenced by the replacement of B by Si. The FAR decreases 
with increasing temperature as expected in a ferromagnet. The 
possible explanation for the temperature dependence of FAR is 
given on the basis of the model proposed by Campbell et al. [19]. 
These alloys are on the verge of becoming strong f erromagnets . 
Moreover, it has also been observed that the addition of Si does 
not change the special orientation of magnetization i.e., 

lies in the plane of the ribbon and makes an angle of ^ 35° 

with the ribbon axis. At higher fields 2 kOe), the 

magnetoresistance is very small and negative for both orientations 
at all temperatures as expected from the localized as well as the 
band model. The FAR versus temperature plot for x = 0 roughly 

follows the linear magnetostriction coefficient versus 

temperature plot as the origin of the two lies in the spin-orbit 
interaction . 

From our low-temperature magnetization studies, it is 
clear that the replacement of B by Si does not change the magnetic 
properties (within the experimental error). The values of the 
spin-wave stiffness constant D do not show any specific trend with 
the variation of Si while the replacement of B by C increases D, 
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as observed by Majumdar et al . [32]. 

It is evident from our high-temperature magnetization 
studies that the thermal stability of FegQB 20 has increased with 
the addition of Si. The effect of the addition of Si (x ^ 4) is 
to render the crystallization process to occur in two steps 
instead of one and helps the metastable Fe^B phase to decompose 
into the stable ot-Fe as well as the Fe^B phases. The predictions 
about the precipitated crystalline phases from these studies are 
confirmed by X-ray diffraction work. 

From our M5ssbauer studies of samples (as-received) 
with X = 0, 2, and 8, it has been observed that the addition of Si 
increases the internal magnetic field slightly. The increase of 
the isomer shift on Si addition is explained in terms of the 
charge-transfer model. From the Mossbauer studies of the 
heat-treated samples, it is evident that for samples with x = 0 
and 2 , the final crystallized phases are a-Fe as well as t-Fe^B. 
These phases are also identified by X-ray diffraction studies. 
However, for x = 8 , the final crystallized phases are a-Fe, Fe 2 B 
instead of Fe^B, and Fe-Si (probably). It is also evident from 
these studies that the addition of Si increases the 
crystallization temperature. Thus we find that the 
high-temperature magnetization and Mossbauer studies give very 
similar conclusions about the process of crystallization and the 


final crystallized phases. 

The origin of resistivity minima in metallic glasses is 


still an open question. The p(T) data in the 
well as in the presence of external magnetic 


zero-field case 
fields should 


as 

be 
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extended down to 1 K for this investigation. With the help of more 

sensitive and sophisticated instruments like SQUID magnetometer or 

5/2 7/2 4 

Faraday Balance, the higher order terms, viz., T , T , T , 
etc., could be detected in the low-temperature magnetization 
studies . 
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